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Abstract 

Point-of-use water treatment produces clean drinking water by eliminating pathogenic 

microbial pollutants through filtration and/or chemical disinfection. Antimicrobial 

nanotechnology, e.g., silver nanoparticles are commonly used as the sole disinfectant agent in 

Point-of-use water (POU) water treatment along with different supporting materials. Hence, 

the inactivation of E. coli using a gravity-driven fixed bed packed with silver nanoparticles 

coated ceramic bed was studied. Silver nanoparticles (Ag-NPs) were prepared by 

photochemical reduction of silver nitrate with sodium citrate as a reducing agent and 

characterized using different techniques such as UV-vis spectroscopy, scanning electron 

microscopy (SEM), x-ray diffraction (XRD), atomic absorption spectroscopy (AAS) and 

particle size analysis (PSA). Silver nanoparticles were then successfully coated on the surface 

of ceramic materials. Furthermore, antibacterial activities of silver nanoparticles coated 

ceramic material were performed using zone of inhibition and shake flask test methods against 

gram-negative (E. coli, S. typhi) and gram-positive (S. aureus, B. subtilis) bacteria. The result 

revealed that the material has good antibacterial performance and can be used as supporting 

material for water disinfection in fixed bed column. In this study, the effects of different 

parameters such as initial bacteria concentration (102-1010cfu/ml), initial silver nanoparticles 

concentration (100-500mg/L), and bed mass (15-75g) on bacteria removal efficiency of a 

packed bed column made with ceramic bed were investigated. Response surface methodology 

(RSM-BBD) experimental design was applied to investigate and find optimum fixed bed 

column parameters. A total of 15 tests were conducted, and the important  parameters which 

affect the selected responses (bacteria removal efficiency) were investigated. The model 

adequacy test and regression analysis have shown that the results were well fitted with 

quadratic model equations. Model predictions were in good agreement with experimental data 

with 96.96 % of variability. Bacteria removal efficiency of 95%, initial silver nanoparticles 

concentration of  297.3mg/L and bed mass of 44.3g was found to be the optimum condition 

for water disinfection in fixed bed column packed with silver nanoparticles coated ceramic 

bed. 
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1. Introduction  

In this chapter, a brief discussion on different silver nanoparticle-related water 

disinfection and the effect of drinking unsafe and less quality water are provided. This 

chapter also tries to elaborate on the antibacterial activity of silver nanoparticles to use 

as water disinfectant along with ceramic material in a fixed-bed column. In addition to 

this, the chapter provides the gap of using different water disinfectants in our country and 

summarizes the main and specific objective of this thesis. Finally, the significance and 

scope of the chosen research topic are well described.   

1.1  Background  

Access to safe and consistent potable water in sufficient amounts is essential for good 

health and wellbeing. The availability and distribution of this valuable resource are uneven 

in most continents (Kassahun, 2017).  

Today, there are difficulties in supplying clean water in most parts of the world. The 

increasing human population makes it more difficult to supply safe, clean, and quality 

drinking water. According to World Health Organization (WHO), it is estimated that about 

842, 000 people, most of which are children below 5 years of age, dies each year from 

diarrheal diseases as a result of consuming unsafe potable water, lack of hand hygiene, and 

inadequate sanitation. It is a great challenge to supply clean water in undeveloped or 

developing regions of the world, especially in rural areas (Bahcelioglu et al., 2020). To 

reduce the consequence of waterborne diseases, people have been used various water 

disinfection methods such as chlorination, ultraviolet light, reverse osmosis. However, 

these disinfection processes raise health and economic issues. Due to the lack of water 

supply contaminations could occur during the water collection, transport, and storage, 

which cause a high chance of water-borne disease infection (Uri & Zhang, 2013).  

Water and sanitation coverage levels in Ethiopia are among the least in the world. Over 

60% of the communicable diseases occurring in Ethiopia are due to poor environmental 

health conditions as a result of unsafe and inadequate water supply and poor hygienic and 

sanitary practices (Tigabu et al., 2018).  
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Water safety is an important environmental issue in day to day activities of life. The 

limitations of existing water disinfection systems force to discover alternative, low-cost, 

safe and effective disnfection methods. Silver nanoparticles coated ceramic water filter 

provides an alternative method to disinfect the water (Uri & Zhang, 2013). Silver 

nanoparticles (Ag-NPs) have been shown excellent antibacterial properties against a wide 

range of microbes (Biswas & Bandyopadhyaya, 2016; Morones et al., 2005). Silver 

nanoparticles based disnfection materials do not generate hazardous disinfection-by-

products (DBPs), have no clogging issues, require a lesser amount of energy and achieve 

verygood bacteria removal efficiencies (Bahcelioglu et al., 2020). Silver nanoparticles have 

been impregnated on different supporting materials that include silica, zeolite, macro-

porous materials, ceramic carbon materials, paper and polymer of various types for water 

disinfection (Dankovich & Gray, 2011; Lv et al., 2009; Mthombeni, Mpenyana-Monyatsi, 

et al., 2012; Oyanedel-Craver & Smith, 2008; Rai et al., 2009). While these materials have 

shown an antibacterial effect, there are limited systematic investigations on the bactericidal 

efficacy for drinking water treatment (Lin et al., 2013). 

Several supports can be used as scaffolding material have their own drawbacks. For 

instance, carbon-based Ag-NPs  such as granulated activated carbon (Varma, et al., 2016), 

activated carbon fibers and polyurethane(Jain & Pradeep, 2005) have displayed potential 

in a water disinfection application, but unfortunately their capability to completely remove 

bacteria is doubtful as “bacteria have been reported to metabolize carbon” (Siddiqi et al., 

2018). The silver nanoparticles coated ceramic bed, however, exhibits both bactericidal 

and bacteriostatic properties as well as continual disinfection ability (Biswas & 

Bandyopadhyaya, 2016). Additionally, ceramic is a better material choice in point of use 

water disinfection system since it is very cost effective, abundant, and renewable apart 

from having good adsorption properties (Ehdaie et al., 2014). The  ceramic material can be 

produced by mixing clay and saw dust in appropriate mixing ratio. The mixture is then 

muolded into different shapes as reqiured, and fired at high temperature (Lantagne et al., 

2010). 
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In the present work, water is poured into a gravity-driven fixed bed column packed with 

silver nanoparticles (Ag-NPs) coated ceramic bed to study its bacteria removal efficiency. 

The water flows by gravity through the column so that it does not require electricity. The 

effects of different factors such as initial bacteria concentration, initial silver nanoparticles 

concentration and bed mass on bacteria removal efficiency of the column were 

investigated. 

1.2 Statement of the Problem  

Water quality and the risk of waterborne diseases are critical public health concerns in 

many developing countries. Particularly in the rural areas of Ethiopia, safe water supply 

and sanitation coverage are very limited. The majorities of the population usually collect 

and use untreated water for their domestic consumption from unprotected sources. The use 

of this untreated water for drinking is one of the causes that expose people to diarrhea and 

another waterborne disease. Water quality is the composition of water as affected by 

natural processes and human activities. Many different diseases are spread by contaminated 

drinking water, caused by Campylobacter, Vibrio cholera, Amoebic dysentery, Giardia 

(beaver fever), Cryptosporidium, etc. In the future, more pathogenic micro-organisms can 

emerge and spread through water because of agricultural magnification, increased 

population growth, increased migration, and climate change. Pathogenic micro-organisms 

can also emerge because they build up resistance to disinfectants. The existing drinking 

water disinfection technologies are not properly addressing these water quality concerns. 

Besides, these technologies have several drawbacks as discussed in detail in sections 2.4. 

Some of the main drawbacks are summarized as follow: 

 The chlorination and ozonation disinfection process create a substantial amount of 

undesired disinfection by-products, which are considered to be potential human 

carcinogens. 

 High initial and operational investment requirement. 

 Larger treatment area requirement. 

 Many of Ag-NPs Support material has the problem of regrowth or being 

metabolized by the bacteria itself. 
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These have paved the way for the rapid research and development in the field of 

“Nanoparticles” as innovative water treatment technologies and avoiding the 

disadvantages related to already existing technologies. Hence, this study emphasizes the 

development of alternative drinking water disinfection technologies using fixed bed packed 

with silver nanoparticle (Ag-NPs) coated ceramic beds. This system uses no pump (works 

by gravity) and power input, very simple to use, utilizes abundantly available ceramic 

material so that it can address the rural areas of Ethiopia where electricity supply coverage 

is limited and no water treatment plant is established.  

Moreover, different researchers have been tried to study the effects of drinking water 

parameters in a fixed bed column using the conventional "one-parameter-at-a-time 

approach". Although this approach is widely accepted, it has a limitation in estimating the 

interaction effects between the factors and lacks a predictive capability. Research 

Objectives  

1.3.1 General Objective 

The general objective of this study is to synthesize silver nanoparticles and develop a water 

filter using a gravity-driven fixed bed packed with silver nanoparticles coated ceramic bed.    

1.3.2 Specific Objectives  

 To synthesis and characterize silver nanoparticles (Ag -NPs).  

 To coat and characterize ceramic material used as bed in a column. 

 To test antibacterial activities using zone of inhibition test and shake flask test 

methods. 

 To investigate and optimize the performance of the column under various process 

conditions such as a mass of ceramic bed, initial bacterial concentration, and initial 

silver nanoparticles concentration using E. coli as a test organism.  

1.4 Significance of the Study 

The present study gives detailed information on the effect of silver nanoparticles as water 

disinfectant using a gravity-driven fixed-bed column packed with silver nanoparticles 

coated ceramic bed. This may help society to provide a quality of water and prevent water-
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borne diseases such as giardiasis, cryptosporidiosis, and gastroenteritis. The provision of 

high-quality drinking water is the most important for improving the human health of a 

community by preventing the spread of water-borne disease. As a result, safe drinking 

water can be obtained by using the packed bed filter and many of the current problems 

involving water quality could be resolved by using point of use methods such as packed 

bed filters that contain silver nanoparticles which utilize no power input. The optimum 

conditions from this experiment can be implemented in a place where safe water is 

required. Furthermore, the result from this study can be used as an input for researchers to 

investigate further studies related to this thesis title.   

1.5  Scope of the Study 

The study was started from the collection of various equipment, raw materials, and reagents 

that were used during the experiment. Based on the procedures different laboratory works 

were performed such as synthesis and characterization of silver nanoparticles, the zone of 

inhibition of silver nanoparticles coated ceramic material, characterization of ceramic with 

and without silver nanoparticles (using UV, XRD, SEM, AAS, PSA) column experiment 

(by varying different parameters such as the mass of the bed, initial silver nanoparticles 

concentration and initial bacterial concentration) were performed accordingly.      
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2. Literature Review 

This chapter reviews different kinds of literature related to water disinfection technologies 

that use silver nanoparticles; (1) detailed description of silver nanoparticle synthesis and 

antimicrobial activities, (2) disinfection performance of various silver-based water 

disinfection technologies and their working mechanism, (3) bacteriological aspects of 

drinking water quality and drinking water-related waterborne diseases in Ethiopia, (4) 

summary of factors affecting disinfection performance of Nano silver-based water 

disinfection materials.  

2.1 Drinking-water  

WHO considers that “drinking-water” should be “suitable for human consumption and all 

usual domestic purposes including personal hygiene.” Diverse regulatory agencies adopt 

similar definitions. Drinking-water should therefore be suitable for consumption, 

washing/showering, and domestic food preparation. In human health terms, exposure to 

water and its constituents can occur through ingestion, contact, and aerosol inhalation. 

Drinking-waters should be safe for lifetime use, taking account of differing sensitivities 

that occur across life stages, but all are not necessarily suitable for individuals suffering 

from certain specific immunocompromising disorders. Piped drinking-water supplies 

typically involve source abstraction, treatment, and distribution. The latter may include 

ancillary devices at domestic or institutional levels, such as softeners, activated carbon 

treatment, vending machines, dispensers, etc. Drinking-waters also include those obtained 

from non-piped sources, such as from springs and community wells. The control of fecal 

contamination in drinking-water systems and sources, where it occurs, is of primary 

importance (Health et al., 2003). 

2.2 Drinking Water Safety  

The importance of disinfection has well been recognized since one hundred years ago when 

epidemics (e.g., cholera and typhoid) were common as well as accounted for disastrous 

death in the whole world. Drinking water disinfection technology has been improving 

through time and a wide range of disinfectants and technologies have emerged and been 

applied by water utilities. Nevertheless, it was reported that 1.2 billion people did not have 
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adequate safe drinking water, 2 billion had poor sanitation, and millions of people died 

annually from waterborne diseases directly. It is known that many more are still suffering 

from water-related issues (Yang et al., 2020). 

2.2.1 Drinking Water-Related Pathogens 

Pathogenic microorganisms transmitted through unsafe water are known to be a prime 

cause of these problems. Diarrhoeal disease, for instance, is believed to be mainly caused 

by a host of waterborne bacterial, viral, and parasitic organisms. According to a report from 

World Health Organization (WHO 2004), diarrhea alone accounts for an estimated 4.1 % 

of the total global burden of disease and is responsible for nearly 1.8 million deaths every 

year. Situations are even worse in developing countries where diarrhea is responsible for 

as high as 8.5 and 7.7 % of all deaths in Southeast Asia and Africa, respectively (Yang et 

al., 2020). 

Water-borne diseases are caused by infectious micro-organisms that most commonly are 

transmitted in contaminated drinking water. These pathogens can cause widespread 

waterborne disease within communities. Three different groups of pathogenic micro-

organisms can be transmitted via drinking water to humans these are protozoans 

(unicellular eukaryotes), bacteria, and viruses. All are transmitted by the fecal-oral route, 

so largely arise either directly or indirectly by contamination of water sources and supplies 

by sewage or animal feces (Kassahun, 2017). 

2.2.2 Pathogenic Bacteria  

Pathogenic bacteria are causes of major human, animal, and plant diseases. Staphylococcus 

aureus (S. aureus), Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), 

(Staphylococcus aureus (S. aureus) and Salmonella typhi (S. typhi) are amongst the most 

common pathogenic bacteria affecting humans being. 

Bacteria are single-celled, constitute a large domain of prokaryotic micro-organisms. The 

cells occur in three basic shapes: cocci (spherical shape; e.g., Streptococcus), bacilli (rods; 

e.g., Bacillus subtilis), and spiral forms (e.g., Vibrio cholera; Spirillum volutans). They are 

much smaller than eukaryotic cells, their cell size generally ranges between 0.3 mm (e.g., 
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Bdellovibrio bacteriovorus; Mycoplasma) and 1-2 μm (e.g., E. coli; Pseudomonas). A 

typical cytoplasmic membrane of the bacteria comprises about one-third lipid and two-

thirds protein. It contains synthetic enzymes for components of all layers of the cell wall 

together with proteins involved in transport, energy generation, and so on. The cell wall is 

the most important part of the bacteria structure, which confer the characteristic cell shape 

and provide the cell with mechanical protection. There are two different types of the cell 

wall in bacteria, a thick one in the gram-positives and a thinner one in the gram-negatives. 

The names originate from the reaction of cells to the gram stain. However, this difference 

in staining is due to fundamental differences in the cell wall structure and chemical 

composition (Kassahun, 2017).  

Gram-positive bacteria possess a thick cell wall containing many layers of peptidoglycan. 

In contrast, Gram-negative bacteria have a relatively thin cell wall consisting of a few 

layers of peptidoglycan surrounded by a second lipid membrane containing 

lipopolysaccharides and lipoproteins. Figure 2.1 illustrates the comparison of the cell wall 

of Gram-positive and Gram-negative bacteria. Between the cell wall and cell membrane is 

periplasmic space, where contains various degradative enzymes, binding proteins, 

membrane-derived oligosaccharides, and electron mediators. Within the cytoplasm of 

bacteria is a nucleoid, a region where the genetic material (DNA) resides. Similarly, within 

the cytoplasm are numerous ribosomes, whose function is protein synthesis. The cytoplasm 

also contains plasmid in some bacteria. Plasmids are extra-chromosomal DNA, which often 

codes for pathogenesis factors and antibiotic resistance factors. Some bacteria also have 

surface structures, such as flagella, pili (fimbriae), capsules, and so on (Kassahun, 2017).   

 

Figure 2.1. Comparison of the cell wall of Gram-positive bacteria with Gram-negative 

bacteria (Kassahun, 2017). 
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The majority of the bacteria in the body are rendered harmless by the protective effects of 

the immune system, and some are very useful. However, several species of bacteria are 

pathogenic and cause infectious diseases. Pathogenic bacteria can pollute the water system 

in various ways. Drinking water pathogens originate primarily from the contamination of 

water resources, although pathogens can also contaminate water during treatment, within 

the distribution system, or even within the home. A great majority of evident water-related 

health problems are the result of bacteriological contamination (Kassahun, 2017). 

2.2.3 Bacteriological Aspects of Drinking Water Quality  

The microbial quality of water is determined by the presence of bacteria indicative of fecal 

(sewage) contamination, namely, total coliforms and fecal coliforms such as Escherichia 

coli. Coliforms occur naturally in soil and the gut of humans and animals. Thus, their 

presence in water may indicate contamination. E. coli and certain species of Enterobacter 

aerogenes are present only in the gut of humans and animals. Their presence, therefore, 

indicates definite fecal pollution. The presence of coliform bacteria in well water may be a 

result of surface water infiltration or seepage from a septic system (Danso et al 2008). Total 

coliforms are a group of bacteria commonly found in the environment, for example in soil 

or vegetation, as well as the intestines of mammals, including humans. E. coli is the only 

member of the total coliform group of bacteria that is found only in the intestines of 

mammals, including humans. The presence of E. coli in water indicates recent fecal 

contamination and may indicate the possible presence of disease-causing pathogens, such 

as bacteria, viruses, and parasites. Although most strains of E. coli bacteria are harmless, 

certain strains, such as E. coli O157:H7 may cause illness, such as hemorrhagic diarrhea 

and hemolytic uremic syndrome (HUS) which causes kidney failure, especially in young 

children and elderly persons (Karch et al, 2005). Total coliforms and E. coli are used as 

indicators to measure the degree of pollution and sanitary quality of water because testing 

for all known pathogens is a complicated and expensive process (Desissa, 2016). The main 

source of pathogens in drinking water is through recent contamination from human and 

animal wastes such as improperly treated septic sewage discharges, leaching of animal 

manure, stormwater run-off, and domestic animals or wildlife as indicated in figure 2.2. 
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Figure 2.2. Transmission of viruses, bacteria, and parasites (Pichel et al., 2019). 

The presence of certain microorganisms in water is used as an indicator of possible 

contamination and an index of water quality (Hurst et al., 2002). Indicator organisms are 

selected to demonstrate the presence of human and animal wastes and hence the potential 

presence of pathogens in drinking water (Desta, 2009). 

Therefore, the presence of indicator organisms in water indicates contamination of water 

by fecal matter, which could probably contain pathogens such as Salmonella and Shigella 

(Gundry et al., 2004). The criteria set to identify indicator organisms for water quality 

analyses are: the organisms must be exclusive of fecal origin and consistently present in 

the fresh fecal waste, they must occur in greater numbers than the associated pathogens, 

they must be more resistant to environmental stresses, and persist for a greater length of 

time than the pathogen, they must not proliferate to any greater extent in the environment 

or they should not grow in natural waters, and they have to be detected based on simple, 

reliable, and inexpensive methods (Hurst et al., 2002; WHO, 2004). 

2.3 Drinking Water-Related Diseases in Ethiopia  

Water and sanitation coverage levels in Ethiopia are among the least in the world. 

According to the report presented by WHO/UNICEF joint monitoring program for water 

supply and sanitation 2014, the portion of the population that gained access to improved 

drinking water (piped onto premises and other improved sources) in Ethiopia is estimated 

around 97 % (51% piped onto premises and 46% other improved sources) in the urban area 

and 42% (1% piped onto premises and 41% other improved sources) in the rural area. This 
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indicates that there is a high disparity between the urban and rural parts of the country in 

terms of improved drinking water (Kassahun, 2017). 

Since a large majority of the rural population get their water supplies from unprotected 

sources such as streams, ponds wells, etc., waterborne diseases are one of the most 

significant public health problems (Demena & Workie, 2003). These diseases are the main 

causes of infant mortality in Ethiopia. Children under the age of five die every year 

associated with diseases transmitted through unsafe water. The most common drinking 

water-related waterborne diseases in Ethiopia include Shigellosis, Typhoid fever, Cholera, 

Acute Gastroenteritis, Infectious hepatitis (Hepatitis A), Amebiasis, and Giardiasis 

(Kassahun, 2017). 

2.4 Water Disinfection Technologies 

Early attempts in applying water disinfection treatment process used to start in1890s, when 

chlorination was first introduced in Germany and England. The significance of chlorination 

can never be overstated for its contribution to saving countless people from infection over 

the last century. Though, chlorination could be problematic in some circumstances. 

Chlorine can react with organic compounds, generating disinfection by-products (DBPs) 

that can be potentially cancer-causing in nature. Successively, some alternative 

technologies, such as ozonation and chloro-amination, were implemented to overcome the 

DBP drawbacks associated with chlorination. However, these alternative technologies as 

well have their merits and demerits too (Vu et al., 2018).  

Water disinfection or bacteria inactivation is the most essential process in the handling of 

potable water supply. Disinfection of drinking water commonly has two goals: (I) the 

immediate destruction or inactivation of pathogens, and (II) continual deactivation of 

pathogens through residual action. Different water disinfection technologies have been 

developed for the deactivation or killing of pathogenic micro-organisms. The very common 

conventional water disinfection methods are chemicals, ultraviolet irradiation, and 

filtration processes, etc. Chlorine, chlorine dioxide, and chloramines are the most common 

chemical water disinfectants. From these chemical disinfectants, chlorine has been 
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successfully used to disinfect drinking water for more than a century (Kassahun, 2017). 

The major drinking water disinfection technologies are summarized as follows: 

2.4.1 Chlorination 

This disinfection method has been in use as far back as the early twentieth century for the 

inactivation of photogenic microorganisms. It is the most widely used disinfectant, both in 

centralized water distribution systems and for point-of-use treatment. Chlorine inactivates 

a microorganism by damaging its cell membrane. Once the cell membrane is weakened, 

the chlorine can enter the cell and disrupt cell respiration and DNA activity (two processes 

that are necessary for cell survival) (Kassahun, 2017).  

Despite its great effectiveness as a water disinfection method, chlorination has 

disadvantages such as uncomfortable taste and odour, ineffectiveness against certain 

pathogens and the generation of different DBPs. Moreover, conventional automated 

chlorine dosing plants that use chlorine require highly trained operators and maintenance 

infrastructures (Kassahun, 2017; Pichel et al., 2019). 

2.4.2 Ultraviolet (UV) Irradiation  

This type of drinking water disinfection method involves passing the water through tubes 

lined with UV lamps using a wavelength of light. The bactericidal effect of UV light arises 

because it directly acts on the DNA of the microorganisms to disable them from growing 

or replicating (Pichel et al., 2019). Ultraviolet light is classed as the range that occurs below 

the visible range (400-700 nm) and is found at wavelengths of between 100 and 400 nm. It 

is broken down into four ranges, UV-A, UV-B, UV-C, and vacuum UV. It is UV-C range 

(200–280 nm) that is used for water disinfection. While it is absorbed by RNA, DNA, and 

proteins, which leads to cellular damage, mutation, cancer, and cell death. 

The cell nucleus in bacterial waterborne pathogens contains DNA, which comprises strands 

of nucleotides that join to form pairs held together by hydrogen bonds. UV light generally 

inactivates microbes by damaging material in their DNA and RNA. Nucleotides absorb 

UV light in the wavelength range 220-300 nm. After UV exposure, energy opens up the 

double bond in thymine and cytosine bases in DNA then dimers (covalent bonds) form 
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between these complementary nucleotides, this causes blocking protein synthesis and 

disabling the proper replication of the DNA helix during the cell division cycle. UV 

disinfection does not kill pathogens rather it inactivates them so that they are unable to 

reproduce and cause infection, but remain alive. This disinfection technology uses open 

channel equipped with low or medium pressure mercury arc lamps: The low pressure (LP), 

which emits nearly monochromatic light at 254 nm, and medium pressure (MP), which 

emits polychromatic light over a wide range of wavelengths, including those associated 

with germicidal (Kassahun, 2017).   

2.4.3 Filtration  

Filtration involves the removal of microorganisms from contaminated water physically. 

This system is widely employed in developing countries like Ethiopia as a way to gain safe 

drinking water. In the filtration process, contaminated water passes through a porous 

medium manufactured using various bed materials (Pichel et al., 2019). Filtration 

processes, specifically membrane filtration such as Microfiltration (MF) and Ultrafiltration 

(UF) are increasingly applied in advanced drinking water treatment processes for 

disinfection and removal of colloids and larger molecular weight organics. These 

technologies are based on a physical barrier concept which is used for the separation of 

solids from fluids by interposing a medium through which only the fluid can pass. 

Therefore, the relative sizes of the filter pores and the micro-organisms present in the fluid 

should be considered during the filtration process. Besides, multiple separation approaches 

should be taken into consideration. 

This technology is advantageously used for complete wastewater treatment in compact 

units before recycling or reclamation either for municipal or industrial wastewater 

including zero toxic residues (Wastewater & Art, 1999). However, the following 

disadvantages are the main issues. These are: 

 Some micro-organisms that are capable of passing the filtration process  

 Much more expensive (capital and operating cost)  

 No residual effect in the distribution system  
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2.4.4 Ozonation  

The method of disinfecting drinking water and wastewater is ozone disinfection (also 

known as Ozonation). Ozone is a molecule made of three oxygen atoms that occur naturally 

in the earth and that can also be manmade. It is a strong oxidizing agent with a standard 

redox potential of 2.07 V, which is used extensively for water disinfection. This method is 

effective in destroying bacteria, viruses but also cyst-forming protozoan parasites like 

Giardia and Cryptosporidium which are particularly resistant to most other disinfectants. 

Apart from pathogen control, today ozone is being used for a wide range of purposes in 

water treatment including 1) oxidation of inorganic compounds, especially reduced metals; 

2) oxidation of synthetic organic compounds (including pesticides); 3) removal of natural 

organic compounds, which includes chlorination DBP precursors, reduction in total 

organic carbon (TOC) concentrations, and the removal of taste and odor, algal toxins, and 

color; and finally, 4) particle (turbidity) reduction (Kassahun, 2017). Ozone disinfection 

produces fewer disinfection by-products which will enable these facilities to meet more 

stringent drinking water standards and regulation.  

However, some of the major drawbacks associated with ozonation disinfection methods 

discussed as follows: 

 No residual effect to control contamination of the water after the disinfection 

process has been completed.  

 The ozone exposure required to inactivate these micro-organisms is quite high.  

 The quality of the wastewater to be treated highly influences the efficiency of 

ozonation.  

 Ozonation equipment is expensive.  

 The process is highly dependent on pH.  

 Ozone is a highly unstable gas it cannot be stored in pressurized vessels and 

transported such as chlorine and it can lead to an explosion if the concentration 

above 23%.  
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2.4.5 Ultrasonic  

Ultrasonic technology has been used as a non-chemical approach. Its disinfection power is 

related to the occurrence of cavitation phenomena. It consists of the production of micro-

bubbles, which are generated when great negative pressure is applied to a liquid. 

Compression and rarefaction waves rapidly move through the liquid media. If the waves 

are sufficiently intense, they will break the attractive forces in the existing molecules and 

create gas bubbles. As ultrasound energy enters the liquid, the gas bubbles grow until they 

reach a critical size beyond which they either implode or collapse, thus releasing a great 

energy amount and promoting nonchemical reactions cause the formation of hydrogen 

atoms and hydroxyl radicals and the generation of shear and tensile stresses(Kassahun, 

2017). Micro-organisms may be inactivated by several mechanisms. First, cell membranes 

can be disrupted as a result of the stresses produced by imploding or collapse of gas 

bubbles. Second, the combined effects of fluid shear, tensile stresses, and hydroxyl radicals 

may lead to the inactivation of micro-organisms.  

Disadvantages of ultrasonic are stated as follows: 

 Design criteria still developing  

 The increase of water turbidity  

 Energy consumption  

 Maintenance/replacement of ultrasound probe  

 Lack of remaining disinfection capacity  

2.5 Silver Nanoparticle Based Water Disinfections 

Silver nanoparticle containing materials have been found to be effective in drinking water 

disinfection at the point-of-use (Viet et al., 2013). According to a review issued by the 

European Commission (2013) and cited by Bondarenko et al. (2013), nanomaterial is 

defined as “a natural, incidental or manufactured material containing particles, in an 

unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the 

particles in the number size distribution, one or more of the external dimensions is in the 

size range 1–100 nm.” In the scientific literature, nanoparticles are usually defined as 

particles having one or more dimensions in the order of 100 nm or less (Moore, 2006). 
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According to various literatures, the development in nanoscience and nanotechnology are 

promising in that most of difficulties involving water quality issues could be solved using 

products based on them. Nanomaterials own a wide-range of improved physicochemical 

properties that make them striking for use as reactive media for water treatment. These 

materials have bulky surface areas, minor sizes, and improved reactivity that severely 

enhance their capability for water disinfection, which cannot be achieved by their bulky 

counterparts (Motshekga & Ray, 2017). 

The potential of silver nanoparticles for drinking water disinfection is being broadly 

explored. The medium or scaffolding material employed for the nanoparticles differs 

widely and consist of coating on fiberglass (Nangmenyi, Xao, et al., 2009), polyurethane 

foams (P. Jain & Pradeep, 2005), copolymer beds (Gangadharan et al., 2010), polystyrene 

resin beads (Mthombeni, Mpenyana-monyatsi, et al., 2012), ceramic (Lv et al., 2009), 

alginate composite beads (Lin et al., 2013) and activated carbon composite incorporating 

magnetite (Valušová et al., 2012). Besides, considering the log reduction of 

microorganisms subjected to the Ag-NPs coated test material a number of studies also 

performed zone of inhibition tests. The zone of inhibition is the area on an agar plate where 

the growth of microorganisms is prevented by the antimicrobial activity of the test material 

placed on the agar surface (Fewtrell, 2014). 

2.5.1 Silver Nanoparticles 

Silver nanoparticles are crystalline particles of Ag metal with at least one dimension 

between 1 to 100 nm. Ag-NPs can have spherical, prism, cubic, or rod-shaped 

morphologies. Ag-NPs have been engineered into nanoparticles. Due to their small size, 

the total surface area of the Ag-NPs is exploited, leading to the “highest values of the 

activity to weight ratio” (Motshekga & Ray, 2017; Nangmenyi, Yue, et al., 2009; Uri & 

Zhang, 2013). In comparison with silver ions, the nanoparticles have longer lasting biocidal 

properties, are less prone to complexation and precipitation into forms unavailable to 

bacteria, and are easier to incorporate into matrix materials, such as papers, fibers, 

polymers, and ceramics. Due to the nano meter-sized diameters of the nanoparticles, the 

surface area is much greater than the bulk metal, and is more bio-active as a result 

(Dankovich, 2012). 
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Among the wide range of metal nanoparticles, silver nanoparticles (Ag-NPs) have been the 

most common, because of their exceptional chemical, physical and biological properties 

when compared to their macro scaled counterparts (Adams et al., 2013). The advantage of 

the Ag-NPs over the other noble metals with respect to their physicochemical properties 

are: non-toxic, stability at ambient conditions, high electrical and thermal conductivity, 

relatively lower cost than the other noble metal nanoparticles such as gold and platinum, 

wide absorption of visible and far IR region of the light, better primitive character, 

chemical stability, nonlinear optical properties and catalytic activity. Furthermore, they 

exhibit a broad spectrum of high antimicrobial activity (“bactericidal and fungicidal 

activity”) fascinating the technologists and scientists with greater attention to develop Ag-

NPs based disinfectant products (Chouhan et al., 2018).  

In general, several investigations have been conducted on the drinking water disinfection 

effectiveness of silver nanoparticle applications against a wide range of pathogenic 

microorganisms observed in water.  

2.5.2 Synthesis of Silver Nanoparticles 

There are different methodologies for the synthesis of silver nanoparticles; they can be 

produced in a wide range of sizes and shapes and stabilized with a variety of capping 

agents, and these reasons make generalizations very difficult. In general, metallic 

nanoparticles are produced by two methods figure 2.4, i.e., “bottom-up” (build-up of a 

material from the bottom: atom by atom, molecule by molecule or cluster by cluster) and 

“top-down” (slicing or successive cutting of a bulk material to get nano-sized particle). The 

“bottom-up” approach is usually a superior choice for the nanoparticles preparation 

involving a homogeneous system wherein catalysts (for instance, reducing agent and 

enzymes) synthesize nanostructures that are controlled by the catalyst itself. However, the 

“top-down” approach generally works with the material in its bulk form, and the size 

reduction to nanoscale is achieved by specialized ablations, for instance thermal 

decomposition, mechanical grinding, etching, cutting, and sputtering. The main demerit of 

the top-down approach is the surface structural defects. Such defects have significant 

impact on the physical features and surface chemistry of metallic nanoparticles (Siddiqi et 

al., 2018).  
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Figure 2.3. An overview of top down and bottom-up method (Siddiqi & Husen, 2016) 

Several methodologies are available for the synthesis of Ag-NPs namely, chemical 

methods (Mthombeni, Mpenyana-monyatsi, et al., 2012), physical methods (El-nour et al., 

2010), and biological methods (Siddiqi et al., 2018). Silver nanoparticles can be 

synthesized in a variety of different ways, each with its own advantages and disadvantages. 

Till now, the most common methods of Ag-NPs synthesis are through chemical reduction 

of silver salt a reducing agent (Murphy et al., 2015; Uri & Zhang, 2013). 

 Chemical Method 

Among the existing methods, the chemical methods have been the most commonly used 

for the production of Ag-NPs. The chemical reduction of metal ions is the most universal 

and easy route for the preparation of the metal nanoparticles. The chemical transformation 

of the silver ions into the silver nanostructures can be occurred using photochemical 

method, wet chemical synthesis with or without templates by employing liquid crystal, 

polymer templates, solution-based methodologies such as aspartate reduction and starch-

mediated reduction, etc. (Chouhan et al., 2018). Generally, the chemical synthesis process 

of the Ag-NPs in solution usually employs the following three main components: (I) metal 

precursors (for the formation of Ag-NPs: AgNO3, AgClO4, AgCl,); (II) reducing agents 

and (III) stabilizing/ capping agents. Few of the representative reducing agents are: NaBH4, 
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glucose, N,N- dimethylformamides, sodium citrate, polyols (such as ethylene glycol, 

diethylene glycol or a mixture of them), etc., (Pal et al., 1986).  

 Physical Method 

In the physical synthesis process of Ag-NPs, usually, the physical energies (thermal, ac 

power, and arc discharge) are utilized to produce Ag-NPs with a narrow size particle 

distribution. This approach can permit us to produce large quantities of Ag-NPs samples 

in a single process. Under the physical methods, the metallic NPs can be generally 

fabricated by evaporation-condensation process that could be carried out in a tube furnace 

at atmospheric pressure. The large space of tube furnace, consumption of large amount of 

energy, raising the environmental temperature around the source material and a lot of time 

for achieving thermal stability, are the few drawbacks of the method (Cortés & Marcos, 

2018). Another physical method of synthesis of Ag-NPs is a thermal decomposition 

method that used to synthesize the powdered Ag-NPs (Son et al., 2004). The stability of 

suspension, concentration of particles, particle size, solution properties, electric 

conductivity, and pH are the factors that may affect the synthesis of NPs by enhancing the 

complex interactions to the Nano fluid, in the form of van der Waals combination force 

and electrostatic Coulomb repulsion force (Chouhan et al., 2018). 

 Photochemical Synthesis 

The photo-induced synthesis of Ag-NPs has two main approaches: (I) the photo-physical 

(top down) and photochemical (bottom up) ones. In former way, nano particles (NPs) could 

be prepared by the fragmentation of the bulk metals and followed by generation of the NPs 

from ionic precursors. The nano particles are formed by the direct photo-reduction of a 

metal ion using photo- chemically generated intermediates, such as excited molecules and 

radicals, which are often known as photosensitization of NPs (Sakamoto et al., 2009). 

The direct photo-reduction process of AgNO3 takes place in the presence of sodium citrate 

using different light thermal sources (UV, white, blue, cyan, green, and orange) at room 

temperature. This light-induced process results in a metallic colloid with size and shape 

powered distinctive optical properties of the particles. Reproducible UV photo-activation 

method is used for the preparation of the stable Ag-NPs (Pal et al., 2007).  
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Figure 2.4. Schematic of synthesis of Ag nanoparticles using the photochemical 

reduction method (Srinivasan et al., 2013). 

 Biological Synthesis 

Usually, wet-chemical or physical method is used to prepare the metal nanoparticles. 

However, the chemicals used in physical and chemical methods are generally expensive, 

harmful and inflammable. Phytochemicals (lipids, proteins, polyphenols, carboxylic acids, 

saponins, amino acids, poly-saccharides amino cellulose, enzymes, etc.) present in plants 

are used as reducing and capping agent. The use of agro-waste and micro-organisms 

materials is not only reduces the cost of synthesis but also minimizes the need of using 

hazardous chemicals and stimulates “green synthesis” way for synthesizing nanoparticles 

(Roy et al., 2017). This method of biosynthesis is very simple, requiring less time and 

energy in comparison to the physical and chemical methods with predictable mechanisms. 

The other advantages of biological methods are the availability of a vast array of biological 

resources, a decreased time requirement, high density, stability, and the ready-to-soluble 

as-prepared nanoparticles in water (Thakkar et al., 2010).  

2.5.1.2 Characterization Tools for Analysis of Silver Nanoparticles 

Characterization of nanoparticles is important to understand and control nanoparticles 

synthesis and applications. Characterization can be performed using a variety of different 

techniques such as transmission electron microscopy (TEM), scanning electron 

microscopy (SEM), atomic force microscopy (AFM), atomic absorption 

spectrophotometry (AAS), powder X-ray diffractometry (XRD), and UV–vis 

spectroscopy. These techniques can be used for determination of different parameters such 
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as particle size, shape, crystallinity, pore size. Moreover, orientation and dispersion of 

nanoparticles in various materials could be determined by these techniques (El-nour et al., 

2010; Nangmenyi, Yue, et al., 2009; S. Pal et al., 2007; Zhang et al., 2016).  

2.5.2 Mechanism of Antibacterial Activity of Ag-NPs 

Several studies have been conducted to show the effect of silver nanoparticles against 

different pathogenic organisms. The mechanism in the growth inhibition have got an 

argument between different researchers. However, the most conclusive is creation of free 

radicals in the electron spin resonance spectrum of silver nanoparticles. The free radical 

formation is expected because in a living system they can strike membrane lipids followed 

by their dissociation, damage and finally hindering the growth of these microorganisms. 

The Ag+ enter into the bacteria along the cell wall as a result of which the cell-wall breaks 

finally lead to death. Since silver ions are positively charged and smaller in size, they can 

easily bound with electron rich biomolecules in the bacterial cell wall consisting Sulphur 

or Phosphorous and Nitrogen. certain researchers have also obtained the result that 

interaction between the positive charge on Ag-NPs and negative charge on the cell 

membrane of the microbes is the vital to growth hindering of the microbes (Siddiqi et al., 

2018). Silver ions released from Ag NPs may penetrate into bacterial cell components such 

as peptidoglycan, DNA and protein preventing them from further replication. 

 

Figure 2.5. Mechanism of action of silver nanoparticles against bacterial cells 

nitrogen (Siddiqi et al., 2018) 
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2.6 Disinfection Performance of Silver Nanoparticles Based Materials 

Effects of antibacterial activity of nanosilver were studied in early 2000s (Sondi & 

Salopek-sondi, 2004). There are different factors that affect the disinfection performance. 

It can be summarized that the disinfection performance of nano silver depends on several 

factors. These includes: Scaffold materials, morphology of nano silver, microbial culture, 

flow rate, silver concentration, water characteristics and etc. Each effect is discussed in 

detail in the following sections. 

2.6.1 Morphology of Silver Nanoparticles 

Antibacterial performance mainly depends on morphology of nanosilver (Smith et al., 

2017). Additionally, the different  synthesis ways produces nanosilver with various shape, 

size  and characteristics (Bahcelioglu et al., 2020). 

Certain studies showed that nanosilver size has an effect on its bactericidal activities 

(Morones et al., 2005). It was found that smaller silver nanoparticles exhibited better 

inhibition effect on the growth of microbes. It is indicated that silver nanoparticles in the 

range of 1-10nm attached to the surface of the cell membrane with higher affinity, as 

compared to bigger nanoparticles.  Studies also show that the shape of nanosilver is another 

factor changing the antibacterial performance. Various researchers discussed the typical 

silver nanoparticles shapes such as plates, cubic, beams, tubes and wires (Bahcelioglu et 

al., 2020). 

2.6.2 Support Materials 

It is mostly seen in literatures that silver in the form of nanoparticles can be coated onto 

different supporting materials. This variety comes from the flexibility of the coating of 

silver nanoparticles onto different support materials. These scaffolds include sponge, 

paper, membranes, cotton fiber, fiberglass silica beads, ceramics and activated carbon. Few 

researchers tested bactericidal properties of silver nanoparticles coated chitosan, Ag 

containing graphene oxide and silica-silver nanocomposites, for drinking water 

disinfection through direct application of these nanocomposites to bacterial suspensions.  
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Silver nanoparticles coated on polyurethane foam, Ag-modified iron oxide nanoparticle 

impregnated fiberglass (Nangmenyi et al., 2011), Ag-NPs impregnated ball media, Ag-NPs 

modified ceramic water filters (Kallman et al., 2011), and some other studies were also 

investigated for drinking water disinfection. 

For drinking water disinfection, Ag-NPs were coated onto activated carbon granules in a 

continuous packed column application (Biswas & Bandyopadhyaya, 2016). In similar 

column applications, Ag-NPs were found to be decorated onto modified silver zeolite 

(Akhigbe et al., 2016), silica beads (Biophys & Laroo, 2013), cation resin beads 

(Mthombeni, Mpenyana-Monyatsi, et al., 2012) and alginate composite beads (Lin et al., 

2013). Mpenyana-monyatsi et al. (2012) compared the disinfection performance of 

Ag/anion resin, Ag/fiberglass resin, Ag/sand resin and Ag/cation resin. Among four 

different resin systems, Ag/cation resin was suggested for disinfection of drinking water, 

which achieved 100% removal of the bacteria. 

Nangmenyi et al. (2009) compared the activated carbon fibers and fiberglass impregnated 

with Ag-NPs in a filtration application. The fiberglass mats impregnated with Ag-NPs 

showed superior performance over Ag impregnated AC fibers under the same conditions. 

This was attributed to the inorganic nature of fiberglass mats impregnated with Ag-NPs 

which cannot be metabolized by the bacteria (Nangmenyi, Xao, et al., 2009). 

From the above discussion, it is clear that various types of materials were utilized as 

scaffolds for water disinfection. Some researchers aimed to improve current water 

disinfection methods (membrane and column filtration) while the others tried to develop 

novel methods. Besides, some studies revealed the synergistic effect between Ag and the 

scaffold medium. However, it should be noted that there are only limited number of studies 

in literature that compare the scaffold materials in terms of their disinfection performance 

upon silver loading. In order to understand the effect of scaffold material on the disinfection 

performance and identify the most efficient one, further research is needed (Bahcelioglu et 

al., 2020). 
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2.6.3 Bacterial Culture Type 

Silver nanoparticles has an improved antibacterial effect on a wide range of 

microorganism. However, the antimicrobial effectiveness of silver nanoparticles depends 

on each bacterial culture type. Most of the studies investigated the effect of nanosilver 

containing materials on E. coli, which is the most widely used indicator of gram-negative 

bacteria for fecal pollution of water. Few researchers have also been investigated the 

antibacterial activity of Ag-NPs on gram-negative and gram-positive bacteria. Song et al. 

(2016) conducted studies with E. coli and S. aureus while Zhu et al. (2013) used E. coli 

and B. subtilis as gram-negative and gram-positive bacteria, respectively. As a result of 

time-kill and minimum inhibitory concentration tests, both concluded that Ag-NPs is more 

effective on gram-negative compared to gram-positive bacteria (Song et al., 2016; Zhu et 

al., 2013).  

Overall, the studies revealed that microbial culture type is certainly a factor affecting the 

disinfection performance. However, contrary results are demonstrated in these studies due 

to bacterial strain type. Moreover, it is essential to identify the specific microbial strains 

used in the studies to compare the effect of  bacteria culture type on water disinfection 

performance (Bahcelioglu et al., 2020).  

2.6.4 Microbial Concentration 

This can highly affect the antimicrobial performance of Ag-NPs in water disinfection 

process. Generally, it’s found that higher bacterial concentration leads to lesser removal 

efficiency. A wide range of cell concentrations was investigated in the studies from 102 to 

1017 CFU/ml. Most studies; however, focused on a concentration range of 103–108 CFU/ml. 

Disinfection efficiencies between 80-100% were obtained in these studies. Inhibition zone 

test conducted by Srinivasan (2013) with Ag-NPs coated onto activated carbon granules 

showed a decrease in the inhibition zone diameter with an increase in the bacterial 

concentration for the same silver concentration. At 102 CFU/ml of E. coli concentration, 

inhibition zone diameter was 1.1 cm, whereas it was 0.9 cm at a bacterial concentration of 

106 CFU/ml. Increase in the cell concentration led to an increase in the probability of 

interaction between cells and Ag-NPs, which resulted in an increase in the inactivation rate. 
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However, due to high bacterial concentration, a decrease in the breakthrough point of the 

column was observed (Bahcelioglu et al., 2020).  

2.6.5 Flow Rate 

Application methods for point of use water disinfection in the Ag-NPs field is classified in 

to filtration and continuous column operation. Various studies conducted with filtration by 

pump achieved higher flow rates (>100 ml/min) than that of filtration by gravity (0.3–25 

ml/min) (Bahcelioglu et al., 2020). Furthermore, Mthombeni et al. (2012) analyzed the 

flow rate effect on the breakthrough point of Ag-NPs coated resin beads in fixed bed 

columns. It has been found that the breakthrough point is reached faster at higher flow 

rates. Thus, removal efficiency of the CC system also decreases as flow rate increases 

(Mthombeni, Mpenyana-monyatsi, et al., 2012). Similarly, this is due to decreased contact 

time within the system. The variations in the flow rate also affect the disinfection 

performance. Typically, the disinfection performance was found to decrease with 

increasing flow rate. However, there is very limited number of studies to conclude the 

effect of flow rate on the disinfection performance (Bahcelioglu et al., 2020) 

2.6.6 Silver Nanoparticles Concentration 

Silver nanoparticles concentration is one of the parameters studied for water disinfection. 

Several researches have been done to observe the effect of silver nanoparticles 

concentration on point of use  water disinfection performance (Afrianto, 2018; Bahcelioglu 

et al., 2020). It’s found that there are two contrary views on the effect of silver nanoparticles 

concentration on disinfection performance. The first view states that there is no significant 

effect of changing the silver concentration on the performance; however, the second one 

claims improved performance with increasing Ag concentration. Therefore, the effect of 

Ag concentration on the disinfection performance should require another study for 

clarification (Bahcelioglu et al., 2020). 
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2.7 Silver Release  

Currently silver release from materials in drinking water disinfection containing silver 

nanoparticles is a growing concern. It is recommended that the maximum silver content in 

daily water consumption is 0.1 mg/l without risk to human health (WHO, 2018). This limit 

was determined considering a total cumulative dose over 70 years of human life for a 60 

kg adult. For the development of a novel material for point of use water disinfection, 

several studies conducted silver release studies Silver values in the effluent change from 

one study to another due to different shape and sizes of nanosilver, different chemicals 

used in the production of nanosilver, the stability of nanosilver with respect to the coating 

media type used, and different set-ups of the experiments (Bahcelioglu et al., 2020).  

Investigation of amount of silver release is important for not only the environment and 

human health but also for the lifetime of the material. Silver release from the material can 

reduce the antimicrobial lifetime of the material, which is investigated in a few studies 

(Dankovich et al., 2016). Silver release is also found to change with time and volume of 

water. indicated that the Ag release rate is higher in the first 10 minutes and then decreases 

with time. Similarly, Akhigbe et al. (2016) observed a decrease in Ag release as the flow 

rate and time increased since the residence time of the solution within the bed decreases. 

In order to avoid possible negative effects of nanosilver, released amount of silver should 

be kept under the recommended value. Surface modification is one of the approaches to 

control Ag release(Liu et al., 2010) (Liu et al., 2010). Sodium citrate is the most commonly 

used stabilizing agent followed by polyvinyl pyrrolidone (Bahcelioglu et al., 2020).  
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3. Materials and Methods 

In this chapter, the details of experimental methods and procedures that were used during 

study are included. The main process consists of various steps such as synthesis of silver 

nanoparticle, inoculum preparation, bacteria inactivation, zone of inhibition test, 

minimum inhibition concentration test and silver release experiments are briefly stated in 

this chapter. Furthermore, the material and chemicals used for this study also included in 

this chapter. Moreover, characterization of synthesized silver nanoparticle with UV, 

characterization of ceramic materials (with and without silver) is included in a good 

manner.   

3.1 Materials 

Chemicals such as silver Nitrate (AgNO3, purity, 99%) and trisodium Citrate (Na3C6H5O7, 

purity, 98%) obtained from local market Addis Ababa, Ethiopia.  Different bacteria strain 

such as; Escherichia coli (ATCC-25922), Salmonella typhimurium (ATCC 14028), 

Staphylococcus aureus (ATCC-25923) and Bacillus subtilis (ATCC 6633) were provided 

by Ethiopian public health institute, Addis Ababa, Ethiopia and utilized as test 

microorganisms. 

3.2 Equipment and Software Utilized 

Equipment and instruments that were used for various experimental works, 

characterization and different treatment process in the present study are summarized in 

Table 3.1. Different free open-source software such as Design expert (version 12.0.1) for 

optimization analysis of fixed bed disinfection process parameters, Origin pro (version 

2018) for plotting and analyzing results and Edraw max 9.03 were used in the present study.  
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Table 3.1. Major equipment used for the present study and their purpose 

Equipment Purpose 

pH meter To determine the pH of influent and effluent    

water  

AAS     To measure the concentration of Ag-NPs 

Analytical balance  Mass measurement  

UV – chamber constructed using wooden box 

(30cm length, 30cm width and 20cm height)   

To synthesize Ag-NPs  

Glass Column (15cm height and 20mm 

diameter) 

Shaker Incubator, petri dish, autoclave, MHA 

For column experiments 

 

For media preparation and bacteria growth 

Graduated cylinders, micropipette  Sample measurement  

Glass beakers  Sample preparation 

Mortar and pistil 

Sample holders 

For milling ceramic material 

Sample and product collection 

Glove and mask For safety purpose  

SEM, UV-vis spectroscopy, PSA and XRD  For characterization  

3.3 Methods 

Experimental works such as synthesis of silver nanoparticle, silver coating, and column 

experiment were performed at Chemical engineering laboratory, Addis Ababa Science and 

Technology university (AASTU). Some microbial tasks like inoculum preparation, 

bacteria enumeration, culture and preparation of bacterial cells, antibacterial susceptivity 

tests (zone of inhibition and shake flask tests) were done at biotechnology laboratory, 
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AASTU. Further experiments and characterization were performed outside AASTU for 

instance, XRD (at Adama Science and technology University), AAS (at Addis Ababa 

university faculty of natural science, department of chemistry). SEM analysis of ceramic 

material (with and without silver nanoparticle) were done at central laboratory, AASTU.  

3.3.1 Synthesis of Silver Nanoparticles  

Ag nanoparticles were prepared by the method of photochemical reduction, following the 

procedure reported by (Srinivasan et al., 2013). All experiments were performed in a dark 

condition to avoid unwanted photochemical decomposition of AgNO3. In a typical 

synthesis, 70 ml of 0.01 M AgNO3 were prepared in a beaker and mixed with 7 ml of 0.1 

M Na3C6H5O7 at room temperature. The beakers were positioned vertically under UV 

radiation (365 nm wavelength, 8 W power UV lamp) inside a closed UV cabinet for 24 h. 

Figure 3.1. photographic representation of (A): - Electrically connected box (B): - 

Prepared sample for reduction of AgNO3 process inside the box 

3.3.2 Coating of Silver Nanoparticles on to Ceramic Bed 

Ceramic material with different mass of ranging (15-75g) were loaded in to beakers 

containing silver nanoparticles with different concentration of (100-500mg/L). Both the 

ceramic beds and the synthesized Ag-NPs were vigorously stirred together with a 

mechanical stirrer (RN-41, Germany) at 200 r.p.m for two hours. The ceramic beds were 

then dried in tray dryer (TDC/EV, Italy) at 50 oC over night before packed into the column. 
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Characterization of ceramic material were then done using XRD and SEM to confirm the 

coating of silver nanoparticles on to the surface of the beds.  

3.3.3 Evaluation of Antibacterial Activity  

3.3.3.1 Agar Well Diffusion Method  

The antibacterial activity of silver nanoparticles coated ceramic material that is used as bed 

were performed by using agar well diffusion method against pathogenic bacteria. The 

antibacterial activity of silver nanoparticles coated ceramic material, against different 

bacterial strains such as two gram-negative (Escherichia coli (ATCC-25922) and 

Salmonella typhimurium (ATCC 14028)) and two-gram positive bacteria (Staphylococcus 

aureus (ATCC-25923) and Bacillus subtilis (ATCC 6633)) were tested. The bacterial 

cultures were grown overnight in nutrient broth at 37 oC and then they were seeded into 

MHA plates.  

Sterilized MHA plates were prepared by pouring 25ml of molten media into 90mm 

diameter sterile petri dish and plates were allowed to solidify for 5 minutes for any surface 

moisture to be absorbed. Fresh inoculums of each bacterium were swabbed uniformly on 

the media using a sterile swab and allowed to dry for 5 minutes. Then, five equidistant 

wells were bored into the medium using a sterile 6mm diameter borer. The four 

corresponding wells were loaded with 0.5gram of ceramic material coated with different 

concentration of Ag-NPs (100- 400mg/L). About two drops of sterilized water were added 

in each well. Ceramic beds without silver nanoparticles which were put at the center of the 

plate were used as the blank material. After loading the Ag-NPs coated ceramic material 

in the wells, the plates were then incubated at 37°C for 24 hours. Immediately, after 

incubation, the resulting diameters of zones of inhibition, including the diameter of the 

well, were measured using a ruler and reported in mm(Mustafa, 2017). The experiments 

were performed in triplicate for accurate result. 

3.3.3.3 Shaking Flask Test  

Shake flask tests were performed to evaluate the antibacterial activity of Ag-NPs coated 

ceramic material, using E. coli in a batch mode. This helped to observe the kinetics of cell 

killing and the effect of time in deactivating E. coli. All the flasks were autoclaved prior to 
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usage to avoid contamination.  E. coli bacterial cultures of 5x103 CFU/ml was added to 

flask containing 50 ml of autoclaved water. Subsequently, 0.5g of ceramic material coated 

with silver nanoparticles were dipped into the flask containing E. coli bacterial suspensions 

closed with a cotton stopper.  The flasks were kept on the shaker to study the growth 

inhibitory effect on the bacterial cultures at 150 rpm on a rotary shaker. From each 

incubated sample, 1 ml of solution was taken, diluted and distributed onto an agar plate. 

Samples were withdrawn and plated on agar after every 5 minutes up to 35minute to 

investigate the influence of contact time in killing the E. coli cells. Ceramic material 

without silver nanoparticles were used as control in the experiment. Agar plates were kept 

in the incubator for 24 hours at a temperature of 37°C. The colonies formed were then 

counted. 

3.3.4 Fixed Bed Column Experiment  

E. coli was selected as a model biological contaminant in water. E. coli is mostly used as 

indicators to measure the degree of pollution and sanitary quality of water, because testing 

for all known pathogens is a complicated and expensive process. To quantify the 

antibacterial effect of the ceramic beds, column experiments were conducted in which E. 

coli suspension was filtered through a column packed by the silver coated ceramic beds. 

Column experiments were performed using a column of 20 mm diameter and 15 cm length. 

The column was packed with ceramic material coated with silver nanoparticles and wool 

placed in the upper and bottom ends of the column to hold the disinfection media as 

indicated by the Figure 3.2 and 3.3. Before starting the experiment, the column was washed 

and sterilized carefully in Autoclave for 15 min at 121oC to prevent contamination. All 

experiments were performed under controlled parameters with artificially synthesized 

bacterial solutions. Contaminated water introduced vertically downwards by gravity 

through the column as indicated by (Mthombeni et al., 2012). Prior to column studies it 

was performed with a known concentration of cell suspension (E. coli; 102-1010 CFU/ml 

in PBS buffer). Colonies of E. coli will be counted in Petri dish after incubation at 37 oC 

for 24 h. The effects of different operating parameters (initial concentration of bacteria, 

mass of the ceramic bed and dosage of silver nanoparticle) on the performance of a packed 

bed column made with ceramic material coated silver nanoparticles were investigated.   
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Figure 3.2. Schematic representation of gravity driven fixed bed column setup used in 

experiments, packed with AgNPs coated ceramic material 

Figure 3.3. photographic representation of gravity driven fixed bed column setup used in 

experiments, packed with AgNPs-ceramic material. 

Treated water samples were collected in sterile conical flasks. Prior to use, 1 mL 15% 

sodium thiosulphate was added to the flasks to stop further disinfection of drinking water 

before determining the bacterial concentrations. The bacterial concentrations were 

determined by serial dilution and plated on selective medium by using the spread-plate 

technique according to Standard Methods. The plates were then incubated at 37 oC for 24 
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h. After incubation, the colonies that formed in each plate were then counted to express the 

bacterial concentrations as number of colony forming units per ml of sample (cfu/ml) 

(Motshekga & Ray, 2017). The effects of bed mass, initial Ag-NPs concentration and initial 

bacterial concentration on bacteria removal efficiency were investigated.  

Moreover, to investigate optimum process parameters for fixed bed packed with Ag-NPs 

coated ceramic material during water disinfection or bacteria inactivation process, one-

factor-at-a-time (OFAT) and RSM analysis were performed to study the interaction effect 

parameters and parameter optimization for bacteria inactivation. After surveying different 

literatures three important variables which affect the disinfection process in fixed bed 

column, namely initial bacterial concentration, initial AgNPs concentration and bed mass 

were selected(Afrianto, 2018; Bahcelioglu et al., 2020; Kallman et al., 2011; Praveena et 

al., 2016). 

3.3.5 The study of One-Factor-at a Time (OFAT) Effect 

The effect of selected parameters on disinfection of water using fixed bed packed with 

silver coated ceramic material was studied based on one factor at a time method. Hence, 

Initial bacterial concentration (102-1010CFU/mL), Initial AgNPs concentration (100-

500mg/L) and Bed mass (15-75g) were considered for water disinfection in fixed bed 

packed with AgNPs coated ceramic material. Varying initial bacterial concentration to 

1x102, 1x104, 1x106, 1x108 and 1x1010 CFU/ml and at fixed 200mg/L initial AgNPs 

concentration and 30g bed mass, the effect of initial bacterial concentration on bacteria 

removal efficiency was examined. In the same way, experiments had been conducted as to 

how the bacteria removal efficiency owing to the variation of the other factors in the range 

given in Table 3.2.      
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Table 3.2. Factors and levels of operating conditions for OFAT 

Factors Unit                            Level  

Initial bacterial 

concentration 

℃ 1x102 1x104 1x106 1x108 1x1010 

Initial Ag-NPs 

concentration 

mg/L 100 200 300 400 500 

Bed mass g 15 30 45 60 75 

3.3.6 Box-Behnken Experimental Design (RSM-BBD)  

The experiments were designed according to the Box-Behnken design method (BBD) with 

the selected three important parameters that affect bacteria removal efficiency (%) in fixed 

bed column packed with Ag-NPs coated ceramic bed i.e., Initial bacterial concentration, 

Initial Ag-NPs concentration and bed mass. The required responses, bacteria removal 

efficiency was optimized after studying the influences of these independent parameters and 

their interaction effects. 

Table 3.3. Factors and corresponding levels for BBD experiments 

Factors Symbol Unit 

Level 

Lower (-1)  Middle (0) Higher (+1) 

Initial bacteria 

concentration 
A 𝐶𝐹𝑈/𝑚𝑙 1x104 5x107 1x108 

Initial   Ag-NPs 

concentration 
B mg/L 100 200 300 

Bed mass C g 25 35 45 

The factors and levels are given in Table 3.3. The factors, i.e., Initial concentration of 

bacteria cells, Initial silver concentration, and Bed mass were designated as A, B, and C, 

respectively. According to BBD the total number of experiments(N) can be calculated as: 
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                N = k2 +k + Cp    ………………………………………...... Equation 3.1 

where k is a number of factors, and Cp is number of a central replication point(Aslan et al., 

2007).   Therefore, a total of 15 experiments were conducted separately for experimental 

response of removal efficiency with 3 center point experiments. Table 3.4 shows the 15 

experimental runs for operating parameters which are arranged according to BBD. 

The response (bacteria removal efficiency) can be calculated by using the equation 

(Equation 3.2):  

𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
(𝐶𝑖𝑛−𝐶𝑜𝑢𝑡)

𝐶𝑖𝑛
× 100%  …… Equation 3.2 

Were, Cin: - influent bacterial concentration,   

            Cout: - effluent bacterial concentration 

The regression analysis and estimation of these coefficients were performed with a 

statistical software package Design-Expert® version 12.0. The adequacy of the model 

equations was evaluated using analysis of variance (ANOVA). Quality of ‘fit of the model’ 

equations and their statistical significance were expressed using F-test, coefficient of 

determination (R2), prediction coefficients of determination (Pred-R2), adjusted 

coefficients of determination (Adj - R2) and coefficients of variation (CV). 

The parameters such as initial bacterial concentration, initial AgNPs concentration and bed 

mass were optimized using numerical optimization (RSM-BBD) to obtain optimum 

bacteria removal efficiency. The validity of optimum condition was confirmed with 

triplicate experimental data and the error was calculated.  
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Table 3.4. Box-Behnken experimental design (BBD) for the selected parameters 

Std Factor 1 

A: Initial bacterial 

concentration 

(𝑪𝒇𝒖/𝒎𝒍) 

Factor 2 

B: Initial AgNPs 

concentration    

(mg/L) 

Factor 3 

C: Bed mass (g) 

1 1E+08 100 35 

2 1E+08 200 25 

3 10000 100 35 

4 5E+07 200 35 

5 5E+07 100 25 

6 10000 200 25 

7 10000 200 45 

8 5E+07 200 35 

9 1E+08 200 45 

10 1E+08 300 35 

11 5E+07 100 45 

12 10000 300 35 

13 5E+07 300 25 

14 5E+07 300 45 

15 5E+07 200 35 
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3.4 Characterizations 

3.4.1 Characterization of Synthesized Silver Nanoparticles and Visual Inspection 

From the visual color change, it is possible to get preliminary information regarding the 

formation of silver nanoparticles(Augustine et al., 2014; Kiruba et al., 2015). As the silver 

nanoparticles are formed, the color of the solution changes from white to brick red which 

is an indication for the presence of silver nanoparticles (Saravanan et al., 2018; Siddiqi et 

al., 2018). The variation of the color was due to the change in surface Plasmon resonance 

of silver nanoparticles during the formation(Augustine et al., 2014). Moreover, UV-Visible 

spectroscopy is one of the most widely used techniques for structural characterization of 

silver nanoparticles. The synthesized silver nanoparticles were examined at room 

temperature using UV–vis spectrophotometer (CSA C22.2 No 61010-1) at a wavelength 

of (250–650) nm using 1 cm long quartz cuvette where the deionized water was used as 

the blank. The surface plasmon resonance peak of the synthesized silver nanoparticles was 

then noted (Saravanan et al., 2018; Vu et al., 2018). 

3.4.2 Scanning Electron Microscope (SEM) 

In order to study the difference in morphological structure of the AgNPs coated ceramic 

material and blank ceramic material, SEM analysis has been performed using (FEI, 

INSPCT-F50, Germany) scanning electron microscope (SEM). Both samples, the AgNPs 

coated ceramic material and blank ceramic material finely ground by using pistil and 

mortar to make it ready for SEM analysis.  The samples were then mounted on aluminum 

stubs, coated with a carbon conductive tape and visualized with scanning electron 

microscope, operating at 8 kV in vacuum which is used to identify the surface morphology 

of the sample materials. 

3.4.3 X-ray Diffraction 

Crystalline phase of ceramic material before and after coating AgNPs were characterized 

by conducting XRD measurement to ensure weather the AgNPs is coated on the surface of 

the ceramic bed. Rigaku miniflex 600 powder X-ray diffractometer with an acceleration 

voltage of 40 kV and current of 15mA, over a 2θ range of (10-80o) were used to record 

XRD patterns of the samples.   



 

40 

 

3.4.4 Particle Size Analyzer 

The particle size distribution of silver nanoparticles (Ag-NPs) solution was characterized 

using dynamic light scattering (DLS) measurements conducted with a Malvern Zetasizer 

Nanoseries compact scattering spectrometer (Malvern Instruments). The silver 

nanoparticles sample was put in to 1 cm path length quartz cuvette and the deionized water 

was used as polar dispersant in the measurement of particle size distribution (blank). Data 

obtained were analyzed using Zetasizer software(Jain et al., 2011).  
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4. Result and Discussion 

In this chapter the details of various experimental results such as different characterization 

results of synthesized silver nanoparticle (using visual inspection and UV- vis 

spectrophotometer, AAS), and silver nanoparticle coated and uncoated ceramic material 

(using XRD, SEM). Antibacterial susceptivity test results that were conducted using four 

pathogenic bacteria (E. coli, S. typhi, S. aureus, B. subtilis) is also clearly stated in this 

chapter. Moreover, drinking water disinfection performance using fixed bed column 

packed with silver-nanoparticle coated ceramic material at a different parameter (initial 

bacterial concentration, mass of the bed and silver nanoparticle concentration) is 

discussed very well quantitatively. Furthermore, optimization of water disinfection 

parameters in fixed bed packed with Ag-NPs coated ceramic bed were studied.     

4.1. Characterization  

4.1.1. Visual Inspection and UV–visible Spectroscopic Analysis 

In the present study at a silver nitrate concentration of 1mM pale red color was obtained 

and this preliminarily indicate the formation of Ag-NPs. Moreover, the reduction of silver 

ions in the colloidal solution after 24 h was confirmed by using UV–vis spectral analysis 

in UV–VIS Spectrophotometer (CSA C22.2 No 61010-1). The absorption spectrum of pale 

red solution formed after reduction of silver nitrate with sodium citrate shows an absorption 

band with max of 433 nm indicating the presence of silver nanoparticles as shown in the 

Figure 4.1. 
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Figure 4.1. UV-vis spectra of aqueous silver nanoparticle dispersion. 

4.1.2 Particle Size Analysis 

Particle size distribution of Ag-NPs synthesized using photochemical reduction methods 

using sodium citrate as a reducing and capping agent exhibited a distribution range between 

3 to 7 nm with an average particle size of around 5 nm (Figure 4.2). 

 

Figure 4.2. Particle size distribution of silver nanoparticles synthesized using 

photochemical reduction methods. 
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4.1.3 Scanning Electron Microscopy 

Figure 4.3 represents the SEM micrographs of the blank ceramic and silver nanoparticle 

coated ceramic bed, showing the morphological differences between the two materials. 

Fig. 4.3a shows that blank ceramic material exhibited a smooth and uniform morphology, 

whereas the silver nanoparticle coated ceramic bed (Fig.4.3b) exhibited a rough 

morphology, indicating the coating of silver nanoparticle on to the surface of ceramic bed 

coated with Ag-NPs. 

 

Figure 4.3. Scanning Electron Microscope (SEM) image of (a) Blank ceramic material 

(b) Silver nanoparticle coated ceramic material. 

4.1.4 X-Ray Diffraction  

The X-Ray diffraction pattern of the synthesized silver nanoparticles coated on ceramic 

bed shown in Figure 4.4b matches the face centered cubic (FCC) structure of silver 

observed at 2 theta angles 38.2◦, 44.3◦ and 64.4◦.  These correspond to the three diffraction 

peaks (111), (200) and (220) crystal planes, respectively, confirming the formation of 

metallic silver nanoparticles on the surface of ceramic beds. The values were in agreement 

with Joint Committee on powder diffraction (JCPD, standard file no. 04-0783) (Bonde et 

al., 2012). Figure 4.4a represents diffraction patterns of uncoated ceramic material where 

the peaks are mainly of silicon dioxide. These clearly demonstrate the difference between 

the coated and uncoated ceramic material that can be used as a bed in water disinfection. 
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Figure 4.4 . X-ray diffraction patterns of (a) uncoated ceramic material and (b) Ag-NPs 

coated ceramic material. 

4.2 Antibacterial Activity Test 

4.2.1 Zone of Inhibition 

The antibacterial activity of the Ag-NPs coated ceramic bed was measured by the agar 

diffusion method. In this study, the antibacterial activity of silver nanoparticle coated 

ceramic material that is used as a packing material in the gravity driven fixed bed water 

disinfection was determined, using various concentrations of silver nanoparticles against 

different test organisms Table 4.1. The aim of this study was to determine the concentration 

of silver nanoparticle that would have the most effective antibacterial property against four 

different pathogenic bacteria i.e., Escherichia coli., salmonella typhi, Bacillus subtilis and 

Staphylococcus aureus. Table 4.1 demonstrates zones of growth inhibition around the 

ceramic material coated with various silver nanoparticle concentration.  

It was observed that zone of inhibition on the four-test bacteria E. coli, salmonella typhi, 

Bacillus subtilis and Staphylococcus aureus, plates for all of the applied doses of the silver 

nanoparticle concentration, which may demonstrate the test bacteria strains do not resist 

the activity of all concentrations of silver nanoparticle coated ceramic material applied. 
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Table 4.1. Antibacterial activities of silver coated ceramic material at different Ag-NPs 

concentration (100, 200, 300, 400 mg/l). 

 Zone of inhibition (mm) 

Silver concentration (mg/L) 100 200 300 400 Control 

 

 

 

Test 

organisms 

(bacteria 

types) 

Escherichia coli *  11±0.88 12±0.43 14.5±0.45 15.8±0.33 - 

Salmonella typhi*  10.7 ±0.31  11.4±0.56 12±0.78 13.8±0.22 - 

Bacillus subtilis+  7.9±0.11 8.8±0.22 9.4±0.32 10.2±0.88 - 

Staphylococcus 

aureus+ 

 6.1±0.23 6.9±0.11 7.6±0.57 8.3±0.63 - 

           Note: - (-): no inhibitory activity, (*): gram negative bacteria, (+): gram positive bacteria  

Zone of inhibition was measured for all the four bacterial cultures at different Ag-NPs 

coated ceramic bed. In the present study, it was obtained 11±0.88, 12±0.43, 14.5±0.45 and 

15.8±0.33 mm inhibition zones against E. coli; 10.7±0.31, 11.4±0.56, 12±0.78 and 

13.8±0.22 mm of inhibition zones against S. typhi; 7.9±0.11, 8.8±0.22, 9.4±0.32 and 

10.2±0.88 mm inhibition zones against B. subtilis and 6.1±0.23, 6.9±0.11, 7.6±0.57 and 

8.3±0.63 mm inhibition zones against S. aureus at Ag-NPs concentration (100, 200, 300, 

400 mg/l) of the Silver nanoparticle coated ceramic material applied, respectively (Table 

4.1).  

The results of this study clearly demonstrated that the Ag-NPs coated ceramic bead 

inhibited the growth and multiplication of the tested bacteria, including highly multidrug-

resistant bacteria such as S. aureus, E. coli, S. typhi and B. subtilis a strong antibacterial 

activity was observed at various concentrations of silver nanoparticles.  

Based up on the above results, two possible proposed antimicrobial mechanisms were 

suggested by different researchers: (I) the bacteria are directly killed by the silver ions 

released from the ceramic samples (bactericidal effect). It is reported that Ag+ stick to the 
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negatively charged cell wall, changing the cell wall permeability. This action, coupled with 

protein denaturation, induces cell lysis and death. (II) The bacteria moving out of the coated 

ceramic are contaminated with silver ions, but still survive. However, the bacteria cannot 

grow into colonies on the agar plate, since the silver ions affect the cells’ ability to replicate 

in culture environment (bacteriostatic effect). Therefore, the departure of bacteria might be 

due to the “bactericidal or bacteriostatic effect” of the silver ions released from the silver 

nanoparticle coated ceramic bed (Sadeghi et al., 2010). 

In general, the Ag-NPs coated ceramic material show strong antibacterial activity. The 

significance of these results is a demonstration of that the Ag-NPs solutions have a good 

antibacterial activity for all tested bacteria, E. coli, S. aureus, S. typhi and B. subtilis. The 

antibacterial activity of Ag NPs against of the tested bacteria might be their “adsorption on 

bacterial surface” (Sadeghi et al., 2010). Ag-NPs uncoated ceramic material was used as a 

comparison in this study. It was obtained that there was no any inhibition zone observed 

against all of the bacterial strains tested for the control (uncoated ceramic material) for the 

same concentration of silver nanoparticle of sample. This further confirmed the 

antibacterial activities of Ag-NPs coated ceramic bed that is used for the water disinfection 

purpose in a column.  

However, Comparing the bacterial inactivation among Gram positive and Gram-negative 

strains, statistically significant differences were exhibited between the “zone of inhibition” 

of E. coli and S. typhi as well as B. subtilis and S. aureus. This is due to the gram-negative 

cell wall is chemically complex and consists of two layers, whereas gram positive bacteria 

have a much thicker and single cell wall. The thick cell wall of gram-positive bacteria helps 

them survive in the harsh conditions, while the more complex structure of gram-negative 

bacteria helps them to interact with mineral surfaces and solutes in the environment to 

reach required nutrients. The structure of the peptidoglycan layer in gram-negative bacteria 

have a lower mechanical strength (Song et al., 2016) compared to gram-positive bacteria. 

It is worth to note that, E. coli demonstrated higher inactivation efficiency as compared to 

the other selected bacteria strains. Other studies have also showed that Escherichia coli is 

the most sensitive Gram-negative bacteria towards silver nanoparticles coated ceramic 

disinfection treatment. 
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4.2.2 Shaking Flask Test (Batch Mode) 

Figure 4.5-a shows the shake flask test result of Ag-NPs coated ceramic material as well 

as uncoated ceramic material. It is clearly observed that Ag-NPs coated ceramic material 

shows significant antibacterial property. The latter has shown no antibacterial effect in 

comparison to the Ag-NPs coated ceramic. Samples containing silver nanoparticles coated 

ceramic took 15 min to kill all the E. coli, whereas uncoated sample does not show any 

significant change in killing the bacteria.  

As clearly shown in Figure 4.5-a, the Ag-NPs uncoated ceramic (control) material did not 

have any antibacterial effect on the tested bacteria E. coli. However, ceramic material 

coated with Ag-NPs considerably reduced the E. coli colony counts with a 300 mg/L 

concentration. The results showed a significant difference in the reduction of the E. coli 

count with Ag-NPs coated ceramic material containing 300mg/L concentrations, as 

compared to the control. 

The experimental data on decreasing colony count with time was fitted approximately to 

an exponential decay (Figure 4.5-b) with a rate constant of 35.1 h-1. Though this is an 

estimated value of the death rate constant to forecast the decay in colony count, it can be 

used as an estimate of the rate of cell death, for the purpose of comparison with other 

reported values in the literature. 
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Figure 4.5. (a) Shake flask test of uncoated Ceramic and coated ceramic with Ag 

nanoparticles; (b) Death rate constant of Ag-NPs coated ceramic bed (Co and C are 

initial and final concentration of E. coli, respectively). 

Several process parameters affect the cell killing performance of silver as an antibacterial 

agent, namely, Ag-NPs concentration, bacteria concentration, bed mass and time of contact 

between silver and the cell. In this comparison, silver dosing and cell concentration was 

denoted as amount of silver (mg)/ml of cell suspension in. The result from the present work 

is compared with that of others in the literature.  

Former studies by Acevedo et al. (2014) and Zhao et al. (2013) could attain smaller death 

rate constants of E. coli cells (ranging from 1.16 to 2.26 h-1), compared with the results in 

the present work (35.1 h-1). Despite the fact that, they had used a lower amount of Ag 

(0.194-0.354 mg/ml of cell suspension), in comparison to Ag used by this study (0.4 mg/ml 

of cell suspension). Bandyopadhyaya et al. (without any surface treatment of AC) could 

get an even higher death rate constant (32 h-1) compared to the work of Gangadharan et al. 

(2016) (6.74 h-1), but at the cost of using a significantly higher Ag loading (1.136 mg/ml 

cell suspension), which is 23 times higher than used by Gangadharan et al. (2016). 

Srinivasan et al. (2013) in contrast have also reported a higher rate constant of 41.88 h-1 

(with plasma treated AC), as the Ag amount was higher (0.089 mg/ml), double than that of 

the Gangadharan et al. (2016).  
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4.3 Effects of Parameters on Bacteria Removal Efficiency 

Operating parameters such as bed mass, initial Ag-NPs concentration and initial bacterial 

loading are very important when designing a column for water disinfection. In this study 

the effects of these parameters for water disinfection by ceramic beds coated with silver 

nanoparticles were investigated. The three factors such as initial bacterial concentration 

(102-1010 CFU/mL), Initial Ag-NPs concentration (100-500mg/L) and Bed mass (15-75g) 

were selected to study the effect of these parameters on the bacteria removal of fixed bed 

column packed with Ag-NPs coated ceramic beds. Here, how the bacteria removal 

efficiency changes at different parameters used in fixed bed column is discussed below in 

detail based on preliminary experiments conducted in an OFAT method.  

4.3.1 Effects of Initial Bacteria Concentration on Bacteria Removal Efficiency 

The bacterial concentration in contaminated water can have very wide range of variation 

depending on the nature of the source water. As such it is important to know how a given 

media will perform under such conditions. Consequently, the influent contaminated water 

at different initial concentrations of (1 × 102, 1× 104, 1 × 106, 1 × 108 and 1x1010 CFU/mL) 

were used in the study while a bed mass of 30 g and a Ag-NPs concentration of 200mg/L 

was maintained fixed throughout the experimental run. The result obtained from the 

investigation of the effect of initial bacterial concentration on bacteria removal efficiency 

is shown in Figure 4.6. The inactivation efficiency was found to be statistically significant 

between E. coli concentrations of 102-1010 CFU/ml. It is observed that the bacteria removal 

efficiency decreases with an increase in initial bacterial concentration. The removal 

efficiency of E. coli was significantly decreased from 94.6% to 80.5% as the initial bacteria 

concentration was increased from 1x102-1x1010 cfu/ml. This is due to the fact that at higher 

bacterial concentration, more silver nanoparticle is required to cause an effect on bacteria 

inactivation (Mthombeni et al., 2012). Since quantity of the inactivation media was fixed, 

the active site for the bacteria would be limited as the influent cell concentration increased. 

Hence, the bacteria removal efficiency was decreased.  
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Figure 4.6. Effects of Initial bacteria concentration on bacteria removal efficiency, at 

fixed Ag-NPs concentration(200mg/L) and bed mass (30g). 

Furthermore, several researches figured out at higher initial bacterial concentration (>108) 

the inactivation efficiency can  decrease by competition between internal components 

(which result from cell disintegration, many dead cell and bacteria) for OH radicals 

(Kassahun, 2017). 

4.3.2 Effects of Initial Ag-NPs Concentration on Bacteria Removal Efficiency 

Figure 4.7 shows the effect of initial silver nanoparticles concentration(100-500mg/L) on 

bacteria removal efficiency of fixed bed column packed with Ag-NPs by maintaining the 

other parameters such as initial bacteria concentration (1x104cfu/ml) and bed mass (30g) 

fixed.  As clearly shown on the figure the inactivation efficiency is highly dependent on 

the concentration of Ag-NPs in the column. The removal efficiency of E. coli was 

significantly increased from 87.8% to 97.3% as the concentration was increased from 100 

mg/L to 500mg/L. Though, the increase in Ag-NPs increases E. coli removal efficiency, 

silver release in the effluent also increases. The result is in agreement with the one reported 

by Mpenyana-monyatsi (2012). The higher the concentration of Ag-NPs added to modify 
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the substrates, the greater was the removal of E. coli. In analyses regarding the effect of 

silver nanoparticles in a size range of 5–90 nm, significant reductions in the E. coli 

population were noted when using filter materials coated with different Ag-NPs 

concentration (Mpenyana-monyatsi et al., 2012). However, beyond 300mg/L of silver 

nanoparticles the silver release in the treated water raised unwantedly above 0.1mg/L. 

Therefore, care must be taken since using Ag-NPs beyond the allowed concentration 

suggested by WHO will impose negative impact on human health. Furthermore, Ag release 

was found to increase with the Ag-NPs content (Afrianto, 2018; Mpenyana-monyatsi et al., 

2012). 

 

Figure 4.7. Effects of initial Ag-NPs concentration on bacteria removal efficiency, at 

fixed initial bacteria concentration (1x104) and bed mass (30g) 
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4.3.3 Effects of Bed Mass on Bacteria Removal Efficiency  

Bed mass is an important parameter in evaluating the performance of bacterial inactivation 

particularly for fixed bed column system. By varying the bed mass of the ceramic bed 

coated with silver nanoparticles (15, 30, 45, 60 and 75 g) and fixing the initial AgNPs 

concentration(200mg/L) and initial bacterial loading in the influent (104 cfu/ml), the effect 

of bed mass on bacteria removal efficiency was investigated. The effect of variation of bed 

mass on bacteria removal efficiency is shown in the Figure 4.8. As can be seen in the graph, 

when the bed mass increases, the bacteria removal efficiency also increases. This result is 

in agreement with the one which is reported by Mthombeni et al (2012) “as the mass is 

increased, there are more active silver sites present to inactivate the bacteria. Silver is 

required to attach, accumulate and penetrate the inside of the bacterial membrane to 

inactivate and cause cell malfunction”. As we can observe from the graph bacteria removal 

efficiency increases from 87.1% to 98.9% when bed mass increases from 15g to 75g. 

However, the silver release in the effluent was beyond the limit recommended by WHO 

i.e., < 0.1mg/L when the bed mass exceeds 45g in the column. Therefore, surface 

modification of the ceramic bed is suggested in this study to improve the bacteria 

inactivation performance and lower the silver release in the effluent. The results indicate 

that it is favorable to increase the bed mass as it increases the bed performance in 

inactivating microorganisms. The increased performance can be attributed to the fact that 

the contact time between the E. coli bacteria and active media increases resulting in 

increased inactivation performance. 

Moreover, as the bed mass increased, more active sites were available for contact with the 

water which resulted in higher inactivation efficiency of the bacteria. The results showed 

that the inactivation activity was highly dependent on the increase in bed mass, with the 

most inactivation occurring with the maximum of 75 g of the ceramic. It is apparent that 

the bacterial inactivation increased rapidly with an increase in the amount of bed mass, due 

to an increase in the number of active sites and available surface area of the 

composite(Motshekga & Ray, 2017). 
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Figure 4.8. Effects of bed mass on bacteria removal efficiency, at fixed AgNPs 

concentration(200mg/L) and initial bacteria concentration (10^4cfu/ml). 

4.4 Interaction Effects and Parameter Optimization Using RSM-BBD 

Response surface methodology (RSM) is an advanced statistical analysis tool used to 

develop empirical models and optimize multivariate processes. It analyzes the effect of 

parameters and interaction of parameters on the response, generates model mathematical 

equation, evaluates the significance of parameters, interactive terms and model equations, 

and plots 3D surfaces ease to interpret. 

Range of parameters such as initial bacteria concentration (1 x 104- 1 x 108 cfu/ml), initial 

silver nanoparticle (100-300mg/L) and bed mass (25-45 g) were selected for RSM-BBD 

study based on the preliminary experiments. Thus,15 experiments were conducted to study 

the interactive effects of parameters on bacteria removal efficiency in fixed bed column 

packed with Ag-NPs coated ceramic bed. Summary of the RSM is stated in Table (4.2).  
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Table 4.2. Summary of the experimental design 

File Version 12.0.3.0   

Study Type Response Surface Subtype Randomized 

Design Type Box-Behnken Runs 15 

Design Model Quadratic Blocks No Blocks 

 

4.4.1 Model Fitting and Analysis of Variance (ANOVA) 

Based on effect of individual parameters, upper and lower limit for the parameter were set 

for initial bacteria concentration (1 x 104 cfu/ml, 1 x 108 cfu/ml), initial silver nanoparticle 

(100mg/L, 300mg/L) and bed mass (25g, 45 g). A three-level experiment using RSM-BBD 

was followed for experimental matrix. The result obtained from the experiment (actual) 

and the one predicted by RSM-BBD that is used for model analysis are presented in Table 

4.3. 
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Table 4.3. Box-Behnken design with actual and predicted values of bacteria removal 

efficiency 

Run Factor 1 

A: Initial bacterial 

concentration 

(𝐶𝑓𝑢/𝑚𝑙) 

Factor 2 

B: Initial AgNPs 

Concentration 

(mg/L) 

Factor 3 

C: Bed 

mass (g) 

Response: Bacteria 

removal efficiency  

(%) 

experimental Predicted 

1 1E+08 200 30 88.30 88.61     

2 1E+08 100 30 89.62 89.36     

3 10000 100 15 91.50 91.25     

4 5E+07 200 45 90.50 90.13     

5 5E+07 300 30 89.50 89.45     

6 10000 200 30 92.10 92.39     

7 10000 300 45 93.62 93.88     

8 5E+07 100 30 89.50 90.13     

9 1E+08 200 15 90.90 90.61     

10 1E+08 200 30 89.67 89.92     

11 5E+07 300 30 88.97 88.96     

12 10000 100 45 93.90 93.59     

13 5E+07 200 15 89.40 89.41     

14 5E+07 300 15 92.60 92.65     

15 5E+07 200 45 90.40 90.13     

Among the models fitted to the response, quadratic model was selected as it was found to 

be one of the best fit models and highly significant for the response (P <0.05). ANOVA 

analysis was performed to measure significance of the model and process parameters 

(Table 4.4). The quadratic mathematical model equation that correlates the response 
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variable (bacteria removal efficiency) with the fixed bed column water disinfection process 

variables in terms of the coded and actual values are presented in equation 4.1 and 4.2. 

Final Equation in Terms of Coded Factors 

BRE (%) = 90.13 -1.58A + 0.9125B + 0.68C - 0.26AB - 0.06AC + 0.93BC + 1.08A2 -

0.37B2 +   0.35C2 ………………………………………………………………… (Equation 4.1) 

Final Equation in Terms of Actual Factors 

BRE (%) = 97.20 - 6.01E-08IBC - 0.0063IAC -0.36BM - 5.15E-11IBC(IAC) - 1.20E-10IBC 

(BM)+0.00093IAC(BM)+4.30E-16IBC2-3.67E-05(IAC)0.0035BM2………(Equation 4.2) 

Where, BRE is bacteria removal efficiency, IBC is initial bacteria concentration, IAC is 

initial Ag-NPs concentration and BM is bed mass. 

To determine whether or not the quadratic model is significant, it was crucial to perform 

analysis of variance (ANOVA), Table 4.4. The probability values (P-values) were used to 

perform as a method to check the significance of each coefficient, which also showed the 

interaction strength of each parameter. The smaller the p- values are, the bigger the 

significance of the corresponding coefficient. 
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 Table 4.4 ANOVA analysis for quadratic model 

Source Sum of Squares df Mean Square F-value p-value  

Model 39.46 9 4.38 17.71 0.0028 significant 

A: IBC 19.94 1 19.94 80.56 0.0003  

B: ISNC 6.66 1 6.66 26.91 0.0035  

C:BM 3.74 1 3.74 15.11 0.0116  

AB 0.2652 1 0.2652 1.07 0.3480  

AC 0.0144 1 0.0144 0.0582 0.8190  

BC 3.48 1 3.48 14.05 0.0133  

A² 4.27 1 4.27 17.27 0.0089  

B² 0.4964 1 0.4964 2.01 0.2159  

C² 0.4545 1 0.4545 1.84 0.2334  

Residual 1.24 5 0.2475    

Lack of 

Fit 
0.6309 3 0.2103 0.6933 0.6360 Not significant 

Pure 

Error 
0.6067 2 0.3033    

Cor 

Total 
40.70 14     

Note: - A: IBC (Initial Bacteria Concentration) B: ISNC (Initial AgNPs Concentration) C:BM (Bed Mass) 

F- value is a test for comparing model variance with residual (error) variance. If the 

variances are close to each other, the ratio will be close to one and it is less likely that any 

factors have a significant effect on the response. It is calculated by model mean square 
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divided by residual mean square. Here the model F- Value of 17.71 implies the model is 

significant. There is only a 0.28% chance that a "Model F-Value" this large could occur 

due to noise. Values of "Prob > F" less than 0.05 indicate model terms are significant. In 

this case A, B, C, A2, and BC are significant model terms while, the term AB, C2, B2, and 

AC is insignificant since it has the value greater than the recommended "Prob > F" value.   

The significance of the terms is ordered as A (0.0003) > B (0.0035) > A2 (0.0089) > C 

(0.0116) > BC (0.0133). This indicates that the initial bacteria concentration, initial AgNPs 

concentration, bed mass, and interaction between bed mass and initial AgNPs 

concentration were significantly affect the bacteria removal efficiency in fixed bed column 

packed with AgNPs coated ceramic bed. However, the interaction terms (initial bacteria 

concentration and initial AgNPs concentration as well as bed mass and initial bacteria 

concentration) were found to be insignificant.  

F- values greater than 0.05 indicate the model terms are not significant. The "Lack of Fit 

F- value" of 0.6933 implies the Lack of Fit is not significant relative to the pure error. There 

is 63.6 % chance that a "Lack of Fit F-value" this large could occur due to noise.  

Coefficient of variation, the standard deviation expressed as a percentage of the mean; 

predicted Residual Error sum of squares, which is a measure of how the model fits each 

point in the design; the R- squared, measure of the amount of Variant around the mean 

explained by the model; Adj R- squared, a measure of the amount of variation in new data 

explained by the model, and Adequate precision, this is a signal to disturbance ratio due to 

random error. These all are summarized in Table 4.5 and are used to decide whether the 

model can be used or not. 

Table 4.5 Model adequacy measures 

Std. Dev. 0.4975 R² 0.9696 

Mean 90.70 Adjusted R² 0.9449 

C.V. % 0.5485 Predicted R² 0.8684 

Press  Adeq Precision 12.9826 
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The “pre-R- squared” of 0.9696 is as close to the “Adj R- square” of the 0.9449 in less than 

0.2 difference as one might expect. The difference between “Adj R-Squared and Pred R- 

Squared” is 0.0765 (i.e., they are reasonably close to each other). This indicated a close fit 

of the model to the actual response data. “Adeq precision” measures the signal to 

disturbance ratio due to random error. A ratio greater than 4 is desirable. Here the ratio of 

12.9826 indicates an adequate signal. Therefore, the model can be used to navigate the 

design space. 

4.4.2 Model Diagnostic Plots 

The adequacy of the model was checked by constructing different diagnostic plots for the 

response (bacteria removal efficiency (%) shown in Figures 4.9, 4.10 and 4.11. The normal 

% probability plots of residuals for response were normally distributed, as they lie 

reasonably close to the straight line and show no deviation of the variance (Figure 4.9). 

Figure 4.9. Normal probability plots of residuals 
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The normal probability plot, (Figure 4.9), indicates the residuals following a normal 

distribution, in which case the points follow a straight line. This shows that the quadratic 

polynomial model satisfies the assumption of ANOVA. 

Internally studentized residuals plots were constructed to facilitate the satisfactory fit of 

the developed model and the plots (Figure 4.10) show that, all the data points lie within the 

limits (±3). 

Figure 4.10. Plot of residuals versus model predicted values 

If the model is correct and the assumptions are satisfied, the residuals should be structure 

less; in particular, they should be unrelated to any other variable including the predicted 

response. A simple check is to plot the residuals versus the fitted (predicted) values. A plot 

of the residuals versus the rising predicted response values tests the assumption of constant 
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variance. The plot shows random scatter which justifying no need for an alteration to 

minimize personal error. 

The developed quadratic model has been examined for its consistency and how it correlates 

the experimental and the model predicted bacteria removal efficiency (Figure 4.11). The 

regression model was found to be reasonably significant with the correlation coefficients 

of determination of R-squared (0.9696).  

 

Figure 4.11. Plot of actual versus model predicted values 

The predicted values obtained from the developed models were quite close to the 

experimental values and lie reasonably close to the straight line and indicate the adequate 

agreement with real data (Figure 4.11). 

4.4.3 Effects of Interactive Parameters Between Process Variables 

Bacteria removal efficiency in the column disinfection process can be affected by various 

parameters such as initial bacteria concentration (IBC), initial Ag-NPs concentration 
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(ISNP), and bed mass of the column. The best way of showing the effects of this parameter 

on the bacteria removal efficiency are to generate response surface plots of the equation. 

In order to analyze the regression equation of the model, three- dimensional surface and 

2D contour plots were obtained by plotting the response on the Z axis against any two 

variables while keeping the other variable at center level. These plots are created to analyze 

the change in the response surface. Conical shape response surface plot indicates optimum 

operating conditions. The three dimensional i.e., interactions, contours and response 

surfaces effect were plotted in Figures (4.12), (4.13) and (4.14) below as a function of the 

interactions of any two of the variables by holding the other value of the variable at center. 

Interaction effects are an effect that independent variable impose on one another. All 

controllable factors are obvious variables which affect the output of the response variable.  

An interaction is the failure of the one factor to produce the same effect on the response at 

different levels of another factor. For the interaction figures, blue and red line indicates low 

and high level of parameters respectively.  

4.4.3.1 Effects of Bed Mass and Initial Ag-NPs Concentration 

Figure 4.13 reveals the interaction effect of bed mass and initial Ag-NPs concentration at 

bacteria concentration of 5x107 cfu/ml. It can be observed that the bacteria removal 

efficiency of the column packed with AgNPs coated ceramic bed was increased from 

88.3% to 93.9 % as the initial AgNPs concentration and bed mass increased from 100 mg/L 

to 300 mg/L and 25g to 45g , respectively.  
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Figure 4.12. Surface and contour plot of Interaction effect of bed mass and initial silver 

nanoparticles (ISNP) 
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4.4.3.2 Effects of Initial Bacteria Concentration and Bed Mass 

In contour and 3D surfaces graph Figures 4.14 below shows the effect of initial bacteria 

concentration and bed mass on the bacteria removal efficiency at initial silver nanoparticles 

concentration of 200mg/L. It is observed that the bacteria removal efficiency of the column 

packed with AgNPs coated ceramic bed was increased from 88.3% to 93.9 % as bed mass 

increased from 25g to 45g. On the other side, from the figure bacteria removal efficiency 

decreased from 93.9 % to 88.3 % as bacteria removal efficiency increases from 104-108 

cfu/ml.  
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Figure 4.13. Surface and contour plot of Interaction effect of bed mass and initial 

bacteria concentration 

4.4.3.3 Effects of Initial Silver Nanoparticles and Initial Bacteria Concentration 

The effects of initial silver nanoparticles and initial bacteria concentration on the bacteria 

removal efficiency, are observed in figure 4.15. The maximum removal efficiency was 

observed at lower initial bacteria concentration and higher initial silver nanoparticles. It is 

observed that the bacteria removal efficiency of the column packed with AgNPs coated 

ceramic bed was increased from 88.3% to 93.9 % as initial silver nanoparticles from 

100mg/L to 300 mg/L. In contrast, from the figure bacteria removal efficiency decreased 

from 93.9 % to 88.3 % as bacteria removal efficiency increases from 104-108 cfu/ml. 
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Figure 4.14. Surface and contour plot of Interaction effect of initial bacteria 

concentration and initial silver nanoparticles (ISNP). 
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4.4.4 Optimizations 

One of the objectives of the present study was to find the optimal process parameters for 

better bacteria removal efficiency. The process variables such as initial bacteria 

concentration, initial AgNPs concentration, and bed mass were optimized. In optimizing 

the column disinfection process, initial bacteria concentration, initial AgNPs concentration, 

and bed mass were set of process parameters held to be “in range” while the bacteria 

removal efficiency was the response that need to be “maximized”. Table 4.5 shows the 

summary of factors/responses and goals and the corresponding set of specific objectives 

that would optimize the process condition. The expert design gives three different 

optimization choices, numerical optimization (set goal for each response), graphical 

optimization (set minimum and maximum limits for each response and then create an 

overlay highlighting an area of operability) and point prediction optimization (enter desired 

operating conditions and discover predicted response values with confidence intervals). In 

numerical optimization choice, depending on constraints (criteria) selected, different 

alternative solutions of optimization were given by expert design. For this study, numerical 

optimization was selected to obtain optimum response bacteria removal efficiency. 

Optimization of bacteria removal efficiency was carried out by a multiple response method 

called desirability (D) function to optimize different combinations of process parameters.  

Table 4.6. Optimization criteria for optimum bacteria removal efficiency 

Name Goal Lower Limit Upper Limit 

Initial bacteria concentration is in range 1E+4 1E+08 

Initial AgNPs concentration is in range 100 300 

Bed mass is in range 25 45 

Bacteria removal efficiency maximize 88.3 93.9 
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The desirability lies between 0 and 1 and it represents the closeness of a response to its 

ideal value. If a response falls within the unacceptable intervals, the desirability is 0, and 

if a response falls within the ideal intervals or the response reaches its ideal value, the 

desirability is 1. Based on the above analysis best local maximum for bacteria removal 

efficiency 95% was found at initial bacteria concentration (4.9 x 106 cfu/ml), initial AgNPs 

concentration (297.3) mg/L and bed mass (44.3g) and the value of desirability obtained 

was 1. 

4.4.4.1 Model Validation  

To validate the optimum conditions predicted by the model, triplicate experiments were 

conducted using the optimized column disinfection process conditions and mean 

percentage bacteria removal efficiency of 95.4 % was obtained and the results are closely 

related with the data obtained from optimization analysis using desirability functions. The 

results are closely related with the data obtained from optimization analysis using 

desirability functions (within the error less than 5%). Therefore, the model is considered to 

be accurate and reliable for predicting the bacteria removal efficiency of the column. 
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5. Conclusions and Recommendations 

5.1 Conclusions  

Developments, in, nanotechnology, improved, the, interests, on, this, antimicrobial, 

property, of, Ag-NPs, for, a, wide range of, applications, for example, public, health, 

medicine and, personal, hygiene. Ag-NPs, involving, materials, have, been, developed, to, 

investigate, point of use(POU) water, disinfection since recent years., Studies, show, that, 

the, use, of, nanosilver-based, materials, as, POU water, disinfectant, is, highly, promising, 

to, substitute, or, improve, the, conventional, water, disinfection, techniques, since, they 

achieve, high, removal, efficiencies, do, not, generate, carcinogenic, DBPs and require, 

less, energy. Silver nanoparticles (Ag-NPs) can be coated onto ceramic material for 

different antibacterial purpose especially for drinking water disinfection. Silver 

nanoparticles was synthesized by the method of photochemical reduction of AgNO3 using 

sodium citrate as reducing and capping agent. Furthermore, the size, shape and 

conformation of Ag-NPs synthesis were characterized by using various instruments such 

as UV-vis spectroscopy, scanning electron microscopy (SEM) and particle size analyzer. 

Successful coating of Ag-NPs onto the surface of ceramic bed was performed by 

vigorously mixing the ceramic material with different concentration of Ag-NPs (100, 200, 

300, 400 and 500 mg/L) to make ready for further investigations. Various characterization 

methods were used to confirm whether the Ag-NPs coated or not onto the surface of 

ceramic bed such as by using XRD and SEM.      

The disinfection performance and optimization of gravity driven fixed bed packed with 

Ag-NPs coated ceramic material as an effective antibacterial water filter was investigated 

using different process parameters. Effects of operating parameters such as bed mass, 

initial Ag-NPs concentration and initial bacterial loading on bacteria removal efficiency in 

a column packed with silver nanoparticles coated ceramic bed were conducted. 

Antibacterial activities of Ag-NPs coated ceramic bed were performed using standard tests 

such as “zone of inhibition” and “shaking flask” methods. Zone of inhibition against two-

gram negative (E. coli and S. typhi) and two-gram positive bacteria (S. aureus and B. 

subtilis) were measured and clearly discussed.  
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Moreover, using bacteria removal efficiency as response variable applying BBD, the 

optimum values of initial silver nanoparticles concentration, and bed mass were found to 

be 297.3 mg/L and 44.3g respectively to give 95% of bacteria removal efficiency.   

5.2 Recommendations 

In view of the results obtained in this thesis with certain limitations, the following 

recommendations are suggested for future works: 

 Investigating the potential for the production of gravity driven fixed bed column 

packed with Ag-NPs coated ceramic bed filters at large scale, fabricate and test its 

field effectiveness for microbial removal. 

 Further researches are necessary to understand how the ceramic water filter element 

works on a microscopic level. In particular, mechanisms that leads to an effective 

filter element that reduces microbial contamination from water sources. 

 The performance of gravity driven fixed bed column packed with AgNPs coated 

ceramic bed in bacterial inactivation should be investigated thoroughly in real 

wastewater which has variety of minerals composition, basically defined as 

softness or hardness characteristics which may significantly reduce its 

performance.  

 Regeneration system for this type of disinfection needs a noble  wide research. 

 Surface modification of the ceramic bed is suggested to improve the bacteria 

inactivation performance and lower the silver release in the effluent.  

 The bacteria removal efficiency of the column should also be checked by using 

different bacteria strains other than E. coli. 

 The economic feasibility of this treatment method needs further investigation to 

confirm its advantages compared to already existing technologies.  

 In practical application of Ag-NPs based water disinfections, there is a lack of 

researches related with the health impact of Ag-NPs and this should be clearly 

identified before implementing in practical application as disinfectant.
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