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ABSTRACT 

FATE AND IMPACTS OF SILVER NANOPARTICLES ON 

THE PERFORMANCE OF WASTEWATER  

TREATMENT PROCESS 

By 

Weam Nabeel Ahmad Mahdawi 

Due to their specific physical, chemical, and biological properties, Silver nanoparticles 

(AgNPs) are widely used in consumer products.  As such, AgNPs released from different 

household products and industrial activities to the sewer system and eventually enter the 

wastewater treatment plants (WWTPs). The biological processes of wastewater treatment 

depend on mixed microbial communities which have very important roles in the treatment 

processes. In some cases, biological treatment goals can only be accomplished by the 

presence of specific microbial species. However, some toxic substances like AgNPs may 

lead to inhibition of bacterial activity, thus adversely impacting the overall performance of 

the wastewater treatment process. In this study the release of AgNPs from commercial 

clothing (socks fabric) into water after washing, the impacts of AgNPs on microbial 

community and on the removal of organic matter, ammonium, and total nitrogen from 

wastewater have been studied and evaluated.  Furthermore, the fate of AgNPs in the bench-

scale WWTP have been investigated, using Inductively Coupled Plasma Mass 

Spectroscopy (ICP-MS). The results obtained indicate that total silver concentrations in the 

socks fabric were very low, consequently the concentration in the wash water was also 

very low, it was ranging between 0.2 to 2.7 µg/sock. To simulate the real case of the 

treatment plant that receives wastewater from a certain community, a powder nanosilver 

was used in the experiments. The bench-scale WWTPs experiments demonstrated that at 

low concentration of AgNPs (0.5 mg/l) had no significant effects on the removal efficiency 

of organic matter (BOD and COD), while the efficiency of the nitrification process was 

slightly decreased by 2.4%.  After adding a concentration of 1.5 mg/l the reduction of COD 

and BOD removal efficiencies in the test system as compared to the control system was 

5.8% and 2.4%, respectively, while the nitrification process was decreased by 9.2%. At a 

concentration of 5 mg/l the reduction in the organic matter removal efficiency was 

increased in the test system as compared to the control system.  As compared to control 

system, where COD and BOD removal efficiency decreased by 11.1% and 5.8 %, 

respectively. On the other hand, the reduction in nitrification was 18.4%. Analysis of 

variance (ANOVA) showed that the difference for BOD, COD, and ammonium removal 

efficiency between test treatment system and control treatment system was significant  as 

jugged by P-value, (P-value < 0.0001). Furthermore, the results of heterotrophic bacteria 

also subjected to ANOVA analysis which revealed there are significant difference in 
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number of heterotrophic bacteria between control and test system (P-value =0.011). The 

results obtained indicate low levels of AgNPs residue in the treated effluent as compared to 

relatively high concentrations of silver in the sludge. This implies that AgNPs mainly 

accumulated in the sludge during the wastewater treatment process, which has lead to 

decrease in the number of heterotrophic bacteria in the test system and continuously 

adverse impact on the performance of wastewater treatment process. The accumulation of 

AgNPs in the sludge lead to the negative effects on the performance of wastewater 

treatment process by reducing the numbers of heterotrophic bacteria in the test system as 

compared to the control system. In Case the sludge disposal in the landfill, The high 

fraction of AgNPs that accumulated in the sludge may leached from the landfills to the soil 

or groundwater and lead to soil or groundwater contamination. Up to investigator 

knowledge and based on the literature reviewed, the current study is first on its type that 

conducted in Jordan.    
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Chapter One: Introduction  

1.1 Background 

Silver nanoparticles (AgNPs), are widely utilized in many consumer products due to 

their specific physical, chemical, and biological properties.  However the wide spread use 

of these products leads to AgNPs released from different household products and industrial 

activities to the sewer system; eventually enters the wastewater treatment plants (WWTPs). 

The biological processes of wastewater treatment depend on mixed microbial communities 

which have very important roles in the treatment processes. In some cases biological 

treatment goals can only be accomplished by the presence of specific microbial species.  

However, some toxic substances may lead to bacterial activity inhabitation, thus adversely 

impacting the overall performance of the wastewater treatment process (Metcalf and Eddy 

(2014)). Silver at specific concentration is classified as an environmental hazardous 

material because it is toxic to some species of microorganisms. Many studies have been 

investigated the toxicity of AgNPs to bacteria (Kim et al., 2007; Morones et al., 2005; 

Jiang et al., 2009). Therefore, it is possible that silver nanoparticles have negative impacts 

on the function of wastewater microbial species, that may result in deterioration of 

wastewater treatment plant’s performance. Most of the studies investigated the impacts of 

AgNPs on wastewater treatment processes, theses studies have used unrealistically high 

concentrations of AgNPs (higher than the concentrations that found in the environment) 

and simple exposure media not real wastewater (Yang et al., 2014; Giao NT, 2012). 

Therefore to ensure the potential effects of AgNPs, it is required to study the effects under 

realistic concentrations and real wastewater. Therefore this study investigate the impacts of 

AgNPs on wastewater treatment process under realistic exposure conditions by using 
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domestic wastewater, and by using small-scale activated sludge WWTP with recycling 

system. 

The research on the fate, transformation, and impacts of nanoparticles on the 

environment systems is lagging behind the researches that focus on their synthesis and uses 

these nanoparticles in the commercial products (Kessler, 2011). Further research is 

required to investigate the effects of these particles on the biological treatment in WWTPs.  

The investigation of AgNPs released from commercial products, fate and 

transformation of AgNPs, and the impacts of AgNPs on the performance of wastewater 

treatment process will provide a deep understanding of the impact of AgNPs on the 

environment, information for the development of effective mitigation strategies of 

nanoparticles toxicity and provide useful information to assess their risk of AgNPs on the 

environmental systems. 

 

1.2 Objectives  

The main goal of the research is to investigate the impacts of silver nanoparticles on 

the performance of wastewater treatment process. The specific objectives of this study are:  

1- Investigate silver nanoparticles release from commercial clothing at different 

operational conditions. 

2- Investigate the fate of silver nanoparticles during various stages of wastewater 

treatment using simulated model. 

3- Investigate the impacts of silver nanoparticles on microbial community and the 

efficiency of wastewater treatment process.  
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Chapter Two: Literature Review  

2.1 Nanoparticles 

Nanoparticles are defined as particles that have at least one dimension from 1 and 

100 nm (ASTM, 2006, Moore, 2006). The goal of nanotechnology is to produce a new 

products at very small scale (nano-scale) by the strictly preparation and handling of matter 

at the atomic and molecular level to create the nanoparticles. The small size of these 

particles will enhance the physico-chemical, biological, and optical properties compared 

with the conventional particles.  The enhanced properties will improve and increase the 

strength of various  applications and products (Powell et al., 2008; Tiede et al., 2009).  The 

applications that utilize  the nanotechnology  including energy, medicine, paints, food and 

food packing, coating, textile, and many others.   

Nanoparticles may exist in single, aggregated or agglomerated structures and may 

have many shapes such as spherical, tubular or irregular. The difference of the properties 

of the nanoparticles compared with the conventional particles can be explained by two 

reasons, the larger surface area and the dominance of quantum effects.  As particle size 

decrease, the surface area to the volume ratio will increase. This exposure will 

exponentially expand extent of surface atoms then  more surface atoms are easily and 

rapidly to react (Oberdörster et al., 2000). As the size decreases the impacts will also start 

to control their action. Because the electrons become incompletely restricted and the 

typical movement will be limited (El-Sayed, 2001; Sellers et al., 2008; Latham et al., 1996; 

Edwards and Thomas, 2007).  
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2.1.1 Types of Nanoparticles  

There are many types of nanoparticles. They are usually categories depending on the 

core material they are produced from. The most present nanoparticles are classified into 

four categories: Carbon-based materials, metal-based materials, dendrimers (branched 

molecules), and composites (Liu, 2006). The carbon-based materials are composed mainly 

of carbon, and it has several forms spheres, ellipsoid, or tubes. These types of 

nanomaterials can be applied to improve films and coating, stronger and lighter materials 

and they have been utilized in many industrial applications such as, electronics (Kumar and 

Kumbhat, 2016). The metal based materials include gold, silver, and metal oxides NPs 

such as zinc oxide (ZnO), titanium dioxide (TiO2). The dendrimers are nanosized polymers 

worked from extended units. The surface of dendrimers has various chain ends, which can 

be proportioned to perform certain chemical functions, such as catalyts (Abbasi et al., 

2014). Finally, the composites are nanomaterials that consist of two different NPs, or with 

larger, bulk-type materials. These nanomaterials such as clays have nanosized, are already 

being added to consumer products ranging from auto parts to packaging materials, to 

enhance their such as mechanical, thermal, and barrier properties (Abbasi et al., 2014; 

Thoniyot et al., 2015). Currently, the metal-based nanoparticles are the most highly 

generated, and they are exist in many applications such as personal care products, 

environmental remediation, and catalysis sensors (Boal, 2004).   

 

2.2 Silver Nanoparticles  

2.2.1 Properties of Silver Nanoparticles 

Silver nanoparticles (AgNPs) are widely used in many products, such as clothing, 

paints, personal products, microelectrons, soaps, and inks due to its antimicrobial 

properties, electrical conductivity, chemical stability, catalytic activity, and non-linear 

optical behavior compared with the bulk metal (Rai et al., 2009; Maynard et al., 2006; 
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Capek, 2004; Frattini et al., 2005; Kim et al., 2007; Krutyakov et al., 2008). Because of 

these unique and beneficial properties they are incorporated in many of costumer products.   

According to Project on Emerging Nanotechnology (PEN), AgNPs is the most widespread 

nanomaterials in consumer products (24% of the products) (Berube et al., 2010).  

AgNPs are produced by using many methods including physical, chemical, and 

biosynthesis (green synthesis) (Tran et al., 2013). The physical methods include the 

production of AgNPs by using distribution techniques, however the chemical methods 

produce the AgNPs by reduction the silver to zero equivalent state. The goal of green 

synthesis is to produce AgNPs in environmental ways. The green synthesis uses extracts 

from organisms, toxic reduction agents and benign substances for the stability of the 

particles (Sharma et al., 2009). All the methods aims to a generation batch of similar size, 

shape, chemical composition, and morphology (Ju-Nam and Lead, 2008). In general the 

synthesis of AgNPs is comparatively cost effective (Capek, 2004) and the incorporation 

these particles in the customer products will increase the marketing value of the products 

due to the novel and unique properties of the AgNPs.  

 

2.2.2 Toxicity Mechanisms of Silver Nanoparticles        

Silver ions at specific concentrations are toxic to many kinds organisms (Silver, 

2003; Ratte, 1999). Several studies have investigated the antimicrobial activity of silver 

ions (Tsezos et al., 1997; Feng et al., 2000; Chou et al., 2005).  In the medical uses such as 

catheters, dental fillings, and bandages, the addition of silver  will decrease the bacterial 

contamination (Silver, 2003). In the similar way, addition of silver or AgNPs into the 

customer products added a significant value to these products by  advertising the ability of 

these products to kill and decrease the bacterial growth and lead to bad odors (i.e clothing, 

washing machines, soaps). 
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Despite the widespread usage of AgNPs as an antimicrobial agent the toxicity 

mechanism are not well understood and there is no specific conclusion has been drawn up 

until now.  Most of the studies proposed that the most factor that controlling the toxicity is 

the dissolution of the AgNPs (Kim et al., 2011; Visnapuu et al., 2013). However, few 

studies have shown that the toxicity effects of AgNPs does not totally depend on silver 

ions release (Ivask et al., 2014; Poynton et al., 2012). 

The possible mode of interaction of AgNPs with the bacterial cell, involving (i) 

generation of reactive oxygen species (ROS), (ii) lipid peroxidation, (iii) membrane 

damage, and (iv) direct uptake effects (Ivask et al., 2014). The generation of ROS is 

considered to be the main cause of toxicity (NET et al., 2006). A simplified diagram of 

possible toxicity mechanisms is shown the Figure 2.1 (Marambio-Jones and Hoek, 2010). 

 

Figure 2.1: Summary of the possible mode interaction of AgNPs with bacterial cells (Li .Q 

et al., 2008) 

 

AgNPs are powerful against a large range of Gram-negative and Gram-positive 

bacteria, including some anti-microbial resistant strains (Wright et al., 1999). The biocidal 

activity of AgNPs has been confirmed against Gram-negative bacteria group, including: 



7 

Acinetobacter (Niakan et al., 2013), Escherichia (Li et al., 2010), and Salmonella (Petrus 

et al., 2011). Also for the Gram-Positive bacteria many studies reported the effectiveness  

of AgNPs against: Bacillus (Shahrokh and Emtiazi, 2009), Enterococcus (Lotfi et al., 

2011), Listeria (Zarei et al., 2014).  Many studies have shown that AgNPs also effective 

against viruses by inhibiting their replication (Wijnhoven et al., 2009).  

The balancing of the benefits and the risk of silver nanoparticles is fundamental in 

doing protected and responsible investigations of their development. There is a widespread 

belief that there is a gap between the toxicity researches and the desire of the commercial 

usage of these nanoparticles (Wallace, 2015). This leads to critical need to standardize 

safety assessment of nanomaterials, which would encourage the assessment of exposure to 

nanomaterials and risks emerging from their utilization. The goal of such an action is 

distributing a safe capacity of nanotechnology between the public (Landsiedel et al., 2017). 

 

2.2.3 Application and Marketing of Silver Nanoparticles  

Due to the special antimicrobial properties of the silver nanoparticles, they are 

getting to be blooming field of research and has been exceedingly marketed. The main 

industries that have incorporated the silver nanoparticles including: food, textile, medicine, 

construction, cosmetology, pharmacy and others (Okafor et al., 2013; El-Nour et al., 2010).  

Also the silver nanoparticles applied in power industry (Cao et al., 2004).  

AgNPs commonly used in the textile industry by incorporate them in the structure of 

the material (Durán et al., 2007). Durán et al. prepared silver nanoparticles and 

incorporated them into cotton fibers and investigated the antimicrobial activity of the silver 

nanoparticles against Staphylococcus aureus. The incorporation of silver nanoparticles in 

the fiber structure was achieved by inundation of cotton in an aqueous suspension of 

metals with nanosize. Then the sample was dried and subjected to microbiological tests. It 

was found that 99.9% of the bacterial colonies were eliminated.  The study concluded that 
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the incorporation of silver nanoparticles sang the fibers with antimicrobial properties 

(Zhang et al., 2014b).   

The antimicrobial properties of AgNPs have been also exploited in the manufacturing 

of socks, sport wear, trousers and many other fabrics that have a direct contact with the 

human skin. The goal of incorporating AgNPs in these products is to limit the growth of 

odor-causing bacteria (Panáček et al., 2006).  The authors reported that socks with AgNPs 

have prophylactic properties, as well as prohealth properties since they can be utilized as a 

part of the treatment of infections caused specifically by Staphylococcus aureus, 

Escherichia coli strains and in addition by Candida albicans parasite (Cheng and Xiong, 

2003).  

 

2.3 Release of Silver Nanoparticles from Clothing Fabric 

AgNPs are incorporated in the clothing fabric; mainly in socks and sport wear to 

inhibit the growth of odor causing bacteria (Gorenšek and Recelj, 2007). Due to the 

production of textiles containing AgNPs is increased, these products become one of the 

main sources of AgNPs release to the environment through their life cycle, including 

synthesis, manufacturing, usage, and disposal of these products (Arvidsson et al., 2011; 

Gottschalk et al., 2009; Mueller and Nowack, 2008; Köhler et al., 2008). AgNPs may enter 

the sewage systems mainly; the wastewater treatment plant through the washing water 

(Benn et al., 2010) due to the release of these particles from the clothing that contain  

AgNPs (Windler et al., 2013; Mitrano et al., 2014). However the effects of using these 

products that containing AgNPs and the potential effect of release of these particles into 

the environment still mysterious (Schluesener and Schluesener, 2013). 

AgNPs are sensitive to oxygen (Liu and Hurt, 2010), once textile of the clothing 

fabric is laundered, the chemisorbed of silver ions form in air (McMahon et al., 2005), or 

through exposure to water and detergents (Li and Lenhart, 2012). The dissolution  
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procedure is complex, and the degree and rate of dissolution  being subject to a large 

number of factors, such as specific characteristics of particles (i.e capping agents, and the 

incorporation method to the fabric) (Misra et al., 2012).      

When washing the nano silver textile, it is possible lead to release several silver 

forms in the washing water, including silver ions and different particulate compositions. 

The silver forms are released directly from the clothing fabric, however the transformed 

forms that may be found in the washing water generally depend on (i) the form of silver 

that was incorporated into the fabric, (ii) the washing water composition, and (iii) the 

washing conditions (Mitrano et al., 2014). 

Only few studies have investigated the release of AgNPs from the clothing fabric.  

Benn and Westerhoff (2008) have investigated the release of AgNPs from six 

commercially available socks into distilled water.  They reported that the release of AgNPs 

varying between less than 1% to 100%, and a large portion was released as ionic silver.  

Geranio et al. (2009) reported that  the large portion of silver released from the textiles into 

washing water under conditions pertinent for washing is present in the form of particles 

bigger than 450 nm (coarse nanoparticles), in general only 5–15% of AgNPs are smaller 

particles and that the level of silver dissolution is low for most of textiles.  Benn et al. 

(2010) have evaluated the release of AgNPs from different textiles by washing them using 

tap water. Most of the silver released could pass a 20 nm filter, so it was in the dissolved 

form or their size was very small.  Lorenz et al. (2012) have investigated the release of 

AgNPs from eight commercially nano textiles. It was reported that four of the eight textiles 

released silver can be detected. The percentage of particles larger than 450 nm was 

between 34% to 80%. Impellitteri et al. (2009) have investigated the speciation of silver  in 

one kind of sock fabric before and after washing and they reported that  silver  was present 

in a metallic form before washing but only 50% of the silver was remained after washing 

with an hypochlorite/detergent solution due to the conversion part of silver to silver 
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chloride (Impellitteri et al., 2009).  Kulthong et al. (2010) have determined the amount of 

silver released from nanosilver fabrics into different types of artificial sweat. They have 

investigated the initial amount of silver and the antibacterial properties for each type of 

fabric. They showed that silver was not detectable in some types of fabric, and the 

percentage of antibacterial properties of the fabrics ranging from 0% to greater than 99%. 

The results showed that the release of silver was 0 mg/kg (there was detectable release) to 

322 mg/kg per weight of fabric sample. Lombi et al. (2014) showed in their study that the 

speciation of silver in the clothing fabric was so different before the washing, and after 

washing with two types of detergents the silver speciation was changed. The 

transformation in some types of fabric was depended on the type of detergent.  Mitrano et 

al. (2014) stated that the variation of silver speciation in the washing water depend on the 

original speciation that incorporated in the fabric. Mitrano et al. (2015) concluded that the 

release of nanoparticles generally depending on number of washing cycles and the type of 

detergents.  Limpiteerprakan et al. showed that after 20 wash cycles, the percent of silver 

that have released between 48 to 72% after washing with ultrapure water, however the 

release after washing with commercial detergents was between 84 to 94% (Limpiteeprakan 

et al., 2016). Koivisto et al. (2017) concluded in their study that the release of silver from 

fabric to sweat lower than the release to the wash water. 

 

2.4 Fate and Impacts of Silver Nanoparticles on Wastewater Treatment  

2.4.1 Impacts of Silver Nanoparticles on Wastewater Treatment Processes 

The main function of the WWTPs is to remove organic matter and nutrients, mainly 

by biological treatment. Furthermore the sewage sludge needs to be stabilized before 

disposal to the environment by digestion. The biological treatment goals can only be 

accomplished by the presence and activity of specific microbial species. The removal of 

toxic substances in the biological treatment including synthetic organic chemicals, 

suspended solids, and pathogens can be achieved by sorption of these pollutants on the 
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microbial species. These microbial species are responsible of organic matter oxidation, 

nitrification, denitrification, and enhancing the phosphorous removal  (Metcalf and Eddy 

(2014)). However, some toxic substances led to inhabitation of the bacteria, thus adversely 

impacting the biological treatment process.  Silver itself is classified as an environmental 

hazard material because it is toxic.  Many studies have been investigated the toxicity of 

AgNPs to bacteria (Kim et al., 2007; Morones et al., 2005; Jiang et al., 2009).  Therefore, it 

is possible that AgNPs have negative effects on the functional wastewater microbial 

species, that may result to deterioration in performance of wastewater treatment plants.  

The impacts of AgNPs on wastewater treatment process have been investigated in 

many studies and the results are conflicting.  The main and the most important function of 

wastewater treatment plants is to oxidize and remove organic matters, therefore many 

studies have paid attention to the risk of AgNPs on removal of organic matters (Chemical 

Oxygen Demand COD, and Biological Oxygen Demand BOD).  Jeong et al. (2014) have 

used sequencing batch reactors to investigate the long term exposure of AgNPs on 

activated sludge bacteria. They showed that the percentage removal of organic matter was 

decrease by about 30%. Furthermore Patil and Parikh (2014) have used the sequencing 

batch reactors for short duration and concluded that the AgNPs have a negative impacts on 

removal of chemical oxygen demand and biological oxygen demand by 35% and 20% 

respectively.  However Hou et al. (2012) reported that by using sequencing batch reactors 

experiment for 15 days, the AgNPs have no significant effects on the removal of chemical 

oxygen demand. 

Another important function of wastewater treatment plants is removal of nutrients 

(nitrogen and phosphorus). Most of the previous studies concerning on the potential effects 

of nanoparticles on nutrients removal.  Jeong et al. (2014) found that 0.5 mg/l of AgNPs 

decreased the nitrification by 70%.  Furthermore it was reported that the rate constant of 

ammonia oxidation decreased much faster than that of organic matter removal even at low 
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AgNPs concentrations. This suggests that nitrification of biomass is more significantly 

inhibited by AgNPs than organic matter removal activity of biomass. Liang at al. (2010) 

showed that 1 mg/L of AgNPs have no effects on heterotrophy bacteria, however inhibited 

nitrifying bacteria, these results indicated that the nitrification prosess was more 

susceptible to AgNPs exposure than denitrification at the same concentration (Jeong E, 

2012).  Giao et al. (2012) found that at 0.25–10 mg/L concentrations of silver nanoparticles 

decrease the activities of ammonia-oxidizing organisms by 4–50%. That is the same 

conclusion that Yang et al. (2014) have been reached, 80% of functional gene for 

ammonia-oxidizing bacteria has been decreased.  

Recently when Brown, J. (2017) tested the effect of 0.4 and 0.5 mg/l of AgNPs, it 

found that inhabitation of nitrification was 11.5% at 0.4 mg/l, and it was 50% at 0.5 mg/l 

for long period of time after 12 hours of exposure (Brown, 2017).  However Zhang et al. 

(2014) and Hou et al. (2012) found that there was no significant impacts of silver 

nanoparticles on nitrification process.  

In the biological processes of wastewater treatment, the diversity and the of microbial 

communities is very important for a successful the treatment processes.  In some cases 

biological treatment goals can only be accomplished by the presence of specific microbial 

species (Metcalf and Eddy (2014)). In sequence batch reactor test, the microbial 

community in the reactors without AgNPs was diverse but showed a different community 

structure.  However in the sludge samples exposed to AgNPs in the sequence batch 

reactors, Proteobacteria assumed a greater proportion of the community than the control 

samples. It was reported that only certain bacteria can survive under continuous exposure 

to AgNPs and the predominant bacteria species changed observably. The microbial 

diversity significantly decreased after continuous exposure to AgNPs (Jeong et al., 2014).  

Sheng et al. (2015) found that the removal of AgNPs decreased the diversity of microbial 

community but the effects on the function microbial community was not significant.  
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However in a different study Doolette et al. (2013) reported that microbial populations 

were not affected by AgNPs, but there was a shift in the populations in both aerobic and 

anaerobic sludge, compared with the controls. Up to date only a few studies have 

investigated the impacts of AgNPs on the diversities of microbial communities also the 

results was conflicting may due to difference in the type of wastewater, concentration of 

AgNPs, or duration of the exposure.  

 

2.4.2 Fate and Transformation of Silver Nanoparticles during Wastewater Treatment 

The knowledge of the forms that the AgNPs  may transform to is very important 

because the transformed products such as, silver sulfide (Ag2S) and silver chloride (AgCl) 

have different chemical and physical properties and toxicity potential (Levard et al., 2013; 

Liu et al., 2012).  The fate and transformation of AgNPs in the WWTPs is relevant to life 

cycle assessment. Many studies have investigated the fate and transformation of AgNPs 

during the wastewater treatment process. Levard et al. (2011) found that sulfidation of 

AgNPs was more than 50% within 5 days, that’s mean the sulfidation was so rapid and not 

inhibited by AgNPs (Levard et al., 2011).  Kaegi et al. (2011) directly spiked AgNPs to full 

scale wastewater treatment plant. They found that the percent of silver in the effluent of the 

plant as silver sulfide was 85%. In municipal wastewater treatment plant in U.S it was 

found silver sulfide in the sludge samples (Kim et al., 2010). Furthermore Kaegi et al. 

(2013) found silver sulfide in the sewer systems before the wastewater enters the treatment 

plant. They concluded that the AgNPs in the sewage systems will be sulfidized to several 

degrees and the sulfidation will continue in the treatment plant (Kaegi et al., 2013). Ma et 

al. (2013) have spiked 0.01 mg/l silver and AgNPs to pilot treatment plant. They found that 

100% of the added silver was converted to silver sulfide.  

Hedberg et al. (2014) have investigated the fate and interaction of polymer-stabilised 

AgNPs in various stages of treatment in full scale treatment plant.  They found that 80 to 
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90% of the AgNPs accumulated in the sludge. Musee et al. (2014) reported that the 

effluent wastewater from simulated wastewater treatment plant had low concentration of 

AgNPs compared with the spiked into the simulated treatment plant. 

Silver sulfide may exist in the nano size range. The sulfidation of silver nanoparticles 

to  nano silver sulfide is not clear if the AgNPs are directly sulfidised  to nano silver sulfide 

or if it dissolved then reprecipitated as nano silver sulfide (Thalmann et al., 2014). The 

information of  nano silver sulfide in different  environment is very limited (Rozan et al., 

2000).  Many studies have explained that the sulfidation will reduce the toxicity of AgNPs 

to bacteria (Levard et al., 2013; Reinsch et al., 2012).   
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Chapter Three: Materials and Methods  

3.1 The Methods Structure  

To achieve the objective of this research, several steps were implemented. The first 

step is focusing on the release of AgNPs from clothing fabric (i.e socks). The second step 

is about the set-up of bench-scale WWTPs. The third step is to quantify and characterize 

AgNPs in sludge and wastewater during various stages in the bench-scale WWTPs.  

Finally, the last step focused on analysis and evaluation of microbial communities and 

removal efficiencies of organic matter in the two treatment systems (control and test). 

Figure 3.1  illustrates the methodology followed in conducting this study. 

 
Figure 3.1: Flow diagram of the methodology followed in conduction the research 
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3.2 Silver Nanoparticles (AgNPs) Release from Socks Fabric 

3.2.1 Acid Digestion of Socks Fabric 

In this study, one trademark of socks fabric with different colors was subjected to 

analysis. The product was made in Germany and clearly indicated the presence of AgNPs 

as it is labeled by "nanosilver". According to the information provided by the product data 

sheet, the socks fabric is mainly composed of (i) 40–60% BIO cotton, (ii) 8–22% Polyster 

Nano, (iii) 5-16% polyamide, (iv) 2-22% polypropylene, and (v) 2- 9% elastane. 

To quantify the exact amount of AgNPs in the socks fabric and to compare  with 

AgNPs reported by the manufacturers, 0.5 ± 0.01 g of the socks were subjected to 

microwave acid digestion process. Three samples from each pair of the socks (from top, 

middle, and in the end) were tested. The socks fabric was digested for 1 hour with 6 ml of 

HNO3 (ultrapure) and 1 ml of 30% of hydrogen peroxide (H2O2). The digestion fluid was 

introduced into a microwave digestion system ETHOZ Microwave Digester (Milestone 

Inc., USA).  After 1 hour of digestion in the microwave digestion system, the digestion 

solution was cooled, then filtered using filter paper (Qualitative #2 with pore size 8 µm, 

Whatman) and diluted to 50 ml. The silver concentration was quantified by using 

Inductively Coupled Plasma Mass Spectroscopy  (ICP-MS). 

 

3.2.2 Silver Nanoparticles Release from Socks Fabric during Washing 

Socks samples were washed  in away that simulates the real world washing machine 

cycle (Figure 3.1). Samples were placed in 1 liter flasks filled with 500 ml of water.  The 

flasks were shaked for 1 hr at approximately 50 rpm and placed in new bottles filled with 

fresh water for the next washing.  The washing for each socks fabric was repeated for five 

times.  The washing of clothing fabric was carried out at different conditions, (i) different 

temperature (at 30o C, and 60oC) to identify the effects of washing water  temperature on 

the release if silver nanoparticles, and (ii) different water type (tap water and deionized 
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water). After each wash, the wash water was filtered,acidified by using 1% HNO3 to ensure 

the stabilization of silver ions and  stored in darkness at room temperature untill ICP-MS 

analysis.  

 

Figure 3.2: Socks washing in away that simulates the real world washing machine cycle 

 

3.3 Bench-Scale Activated Sludge Wastewater Treatment Plant Setup 

The small-scale activated sludge wastewater treatment plant was constructed 

according to the specification of the Organization for Economic Co-operation and 

Development (OECD 303A. Aerobic sewage treatment. Guidelines for the testing of 

chemiclas. OECD). The tests were conducted in the aerobic chambers that designed to hold 

6 liter of the activated sludge. Two continuously operated activated sludge test units were 

run in parallel.  Each system comprised of: (i) influent holding tank (25 liter), (ii) aerated 

tank reactor (aeration chamber), and (iii) clarifier (settling tank), to simulate the full-scale 

wastewater treatment plants using an activated sludge treatment system.  Figures 3.3 and 

3.4 show the schematic diagram and photograph of the small-scale wastewater treatment 
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plant, respectively. The two systems were run simultaneously, one as testing system with 

addition of AgNPs and the other as control system without any addition of AgNPs.  

 
Figure 3.3: Schematic diagram represent the small- scale activated sludge wastewater 

treatment plant  

 

 

Figure 3.4: Bench-scale activated sludge wastewater treatment experimental set up 
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3.3.1 Aeration Chambers 

Each aeration chamber with 6 liter capacity was continuously stirred to ensure the 

mixing of the content of the reactor, and to simulate the realistic operational conditions of 

full-scale wastewater treatment plants. The aeration camber was aerated to maintain  the 

disolved oxygen (DO) above 2 mg/l.  The dissolved oxygen was contnously monitored by 

using DR5000 Spectrophotometer (Hach, HQd Portable Meter, USA).  In this project, two 

systems were used, test system and control system.  Both systems (control and test) were 

fed with wastewater but the test system was spiked with silver nanoparticles (AgNPs) 

using peristaltic pump (Cole-parmer, Masterflex, USA).   

In the test system, the influent wastewater was spiked with AgNPs at different 

concentrations, 0.5, 1.5, and 5 mg/l in the influent tank with capacity of 25 liter and 

continuously stirred to keep the AgNPs in suspension. The suspension of AgNPs in the 

influent is important, to mimic and simulate the actual entrance of these nanoparticles into 

the wastewater treatment plant, and to enhance the reproducibility of the test conditions.   

The sedimentation vessles with a capacity of 3 liter were used to separete the treated 

wastewater from the activated sludge.  According to standards practices in activated sludge 

treatmnet system, portion of sludge from the sedimentation vessel must be returned to the 

aeration camber defined as returned activated sludge (RAS) to refill with the biomass, to 

maintain the total suspended solid (TSS) in the range of 2000 to 3000 mg/l of dry sludge.  

The aeration chamber was designed with hyrdraulic retention time (HRT) of 6.7  

hours to maintain the nitrifyning conditions. The influent wastewater was inrtroduced at 

flow rate of 0.9 L/hr using the peristaltic pump.The sludge age was chosen to be 10 days. 

Daily removed of activated sludge was (1/10) of volume from the aeration chamber. The 

recycling of sludge was carried out by peristaltic pump every 3 hours for a duration equel 

to 5 minutes. To reach steady state conditions, the small-scale wastewater treatment plant 
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was optimized  and stabilized during the first 15 days then followed by spiking with silver 

nanoparticles with three concentrations (0.5, 1.5, and 5 mg/l).  The duration of each run 

was 15 days for each concentration. The runs were conducted  in triplicate, the duration of 

each run was 60 days (including the set up duration) and the total study lasted for 180 days.  

To monitor the various wastewater physical and chemical parameters, continuous sampling 

was carried out at the influent tank, aeration chamber, sedimentation  vessel, and waste 

activated sludge chamber.  

 

3.3.2 Wastewater Collection and Characterization 

The raw wastewater was collected from Wadi-Hassan wastewater treatment plant in 

Irbid/ Jordan, 90 km north of Amman that mainly collects and treats domistic wastewater 

with a daily capacity of 1200 m3/day. The WWTP has two aeration tanks - rectangular with 

semi-circular shape 60 m x 15 m x 6 m each, two sedimentation tanks, 14 m Diameter and 

the height is 4 m, one sludge holding tank 8 m Diameter and 10 m height. And 

distributaries structures, grit chamber screen, pump station (Figure 3.5 and 3.6). The 

wastewater samples was collected from the entrance of the aeration tanks (after the 

primary tanks), then the wastewater samples was transported to labalatory and stored at 

4oC where it was introduced ito the bench-scale units for treatment. 
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Figure 3.5: Collecting the wastewater samples after primary treatment 

 

 

Figure 3.6: Collecting the wastewater samples from aeration tank 
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Wastewater physical and chemical charactaristics, mainly Dissolved Oxygen (DO), 

Biological Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Total nitrogen 

(TN), Ammonium (NH₄⁺), and Nitrate (NO3
-), were measured by using BOD Measuring 

System (Lovibond, BD600, Germany), and DR5000 UV-Vis Spectrophotometer (HACH, 

DR 5000, USA), respectively. The pH was minotored  during the operation of the bench-

scale units using pH meter (BP 3001, USA). All wastewater physical paremeters were 

characterized as described in the Standard Methods for the Examination of Water and 

Wastewater.  Chemical Oxygen Demand (COD), Total nitrogen (TN), Ammonium (NH₄⁺), 

and Nitrate (NO3
-), tests were conducted by using Hach kits (LCK) and by using DR 5000 

spectrophotometer. The accuracy of these kits for COD, Ammonium, Nitrate, are, ± 1.5 

mg/l, ± 0.2 mg/l, and ± 0.25 mg/l, respectively. The wastewater physical and chemical 

characteristics were continuously monitored (five days per week for 180 days) in the 

influent, aeration chamber, and effluent, before and after the AgNPs were dosed into the 

small-scale wastewater treatment plant. One way ANOVA analysis was performed by 

using IBM SPSS, 24 to examine the statistically significance of the results. p-value less 

than 0.05 indicating a statistically significant difference between the BOD, COD, and 

ammonium removal efficiencies in the test treatment system and control treatment system.      

 

3.4 Silver Nanoparticles Preparation and Characterization   

Silver nanopowder was purchased from nanoShel, Inc. (UK). According to the 

description of the product, the particle size is between 50-80 nm, and the composition of 

the particle is more than 99.9 is silver, which the aggregate of the AgNPs is spherical by 

using Environmental Scanning Electron Microscope (ESEM) Quanta 450 FEG-USA/EEU 

that operated at electron gun power of 30kV.   

Three suspensions of AgNPs with concentrations of 0.5, 1.5, and 5 mg/L were 

prepared by adding 0.01275, 0.0375, and 0.125 g, respectively, of silver nanopowder to 1 
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liter of   deionized water. Using a sonicator (Model 2000U, Ultrasonic Power Corp).  The 

suspensions were sonicated at 70 KHz for 30 min to break the aggregates before each 

suspension was added to the wastewater in the influent tank (Figure 3.7). Each 

concentration (0.5, 1.5, or 5 mg/L) was achieved by making the volume to 25 liter using 

wastewater. Ice was added into the sonicator to minimize the possibility of AgNPs 

dissolution due to heat generated during the sonication process.  

   

Figure 3.7: Silver nanoparticles (AgNPs) sonication before spiked in the influent 

wastewater 

 

3.5 Monitoring the Performance of the Wastewater Treatment Units 

The effluent quality of the wastewater was monitored in terms of BOD, COD, Total 

nitrogen, ammonium, nitrite, and nitrate using BD600, BOD measuring system and Hach 

Kits (LCK) by using DR 5000 spectrophotometer to detect the performance difference 

between test and control systems. The Sludge Volume Index (SVI), and Total Suspended 

Solids (TSS) were measured and monitoring during the operation of bench-scale units 

according to Standard Methods for the Examination of Water and Wastewater. The 
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minotoring of the physical and chemical parameters was carried out 5 days per week for 

180 days. 

 

3.6 Heterotrophic Bacteria Plate Counting       

 Heterotrophic bacteria use organic compounds as an energy and carbon source for 

synthesis. A term commonly used instead of heterotrophy is “saprophyte” which refers to 

an organism that lives on dead or decaying organic matter.  The bacterial counting was 

performed by Heterotrophic Plate Count (HPC) using the drop plate method (Liu et al., 

2007).  A series of 12-fold dilutions were performed and 10 µL for each dilution plated on 

R2A agar in four repetitions.  The plates were incubated at 31oC for first 24 hours, then the 

plates kept at room temperature for 3 days.  The counting was performed with the lowest 

dilutions. Analysis of variance (ANOVA) test were performed by using IBM SPSS, 24 to 

examine the statistically significance of the results, p-value less than 0.05 indicating a 

statistically significant difference between the number of bacteria in the test treatment 

system and control treatment system.      

 

3.7 The Fate of Silver Nanoparticles     

It is important to know the fate of the AgNPs introduced into the system.  To 

determine the release of AgNPs with the effluent or accumulation the AgNPs in the sludge 

in the treatment system, the effluent wastewater and the sludge samples were collected 

continuously (5 days per week for 180 days) and analyzed for the presence of AgNPs by 

using Inductively Coupled Plasma Mass Spectroscopy, ICP-MS.  The effluent wastewater 

samples were filtered by using filter paper (Qualitative #2, Whatman) then acidified with 

HNO3 (10 M), to reach the pH to less than 2 before being stored  until analyzed with ICP-

MS at 4oC. The sludge was collected continuously and digested by using microwave 

digestion system ETHOZ Microwave Digester (Milestone Inc., USA).  10 ml of ultrapure 
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nitric acid were added to 1 gram of sludge (wet weight) and kept overnight at room 

temperature (pre-digestion). The microwave digestion was carried out according to a 

certain consequence, heating to 190oC within 15 min, then keep for 10 min at 190oC in the 

Microwave digestion system, then the digestion solution was filtered. Furthermore, the 

background of silver concentrations for the blank solution (in the control system) was 

determined and subtracted from the concentration of silver ions in the wastewater dosed 

with AgNPs at the three different concentrations. 
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Chapter Four: Results and Discussion 

4.1 Silver Quantification in Clothing Fabric (Socks) 

4.1.1 Total Silver Content in the Socks Samples  

Acid digestion of the socks was carried out for only three types of socks. After 

digestion and silver quantification, it was found that all types have small and not 

significant amount of silver. The maximum amount of silver was 0.116 µg Ag/g socks 

(Table 4.1). 

 

Table 4.1: Socks characterization and silver nanoparticles content in the socks 

Sample 

ID 

Description 

(Color) 

Acid Digestion Analysis 

mass of silver per 

mass of socks 

(µg Ag/g socks) 

Average sock 

mass (g) 

total silver in 

sock (µg) 

A White 0.049 19.4 0.957 

B Grey and Black 0.052 21.2 1.094 

C White and Black 0.116 21.3 2.479 

 

Most of the previous studies reported that many of nano-socks containing a detectable  

levels of silver after digestion with nitric acid in the same procedure that  has been 

followed in this study (Benn and Westerhoff, 2008; Impellitteri et al., 2009).  However 

they have been used other kinds of socks from different manufacturing company that are 

different than the ones used for the purpose of conducting this research.  

Benn and Westerhoff (2009) have analyzed the total silver nanoparticles in six 

brands of socks and they found that the total silver in these six brands was between 0.9 to 
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about 1400 µg/g of socks.  Impeliitteri et al. (2009) also reported that the total silver in the 

number of fabrics that have been analyzed was between 3 to 21600 µg/g. Kyziol-

Komosinsha et al. (2016) have investigated the release of silver from two types of textiles; 

socks available in the shops, and cotton filled with AgNPs in the laboratory. It was found 

that the total silver content was between 8.23 to 20.94 µg/g in commercially available 

socks, and between 4959 to 182000 µg/g of cotton in the second type (Kyzioł-Komosińska 

et al., 2016).  

As can be observed that the total silver nanoparticles in the socks that were analyzed 

in this study was less than the total silver nanoparticles in all the previous studies. This 

may be due to the method of silver nanoparticels incorporation in each brand of socks or 

textiles. Only one study reported the method of incorporation in the commercially fabrics 

(Impellitteri et al., 2009).  In the current study, the method of incorporation could not be 

obtained from the manufacturer. Table 4.2 shows a comparison of AgNPs content that 

reported by previous studies as compared to the current study.  As can be observed, 

different researchers have reported wide range of total AgNPs content in different types of 

fabrics.   
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Table 4.2: Silver nanoparticles content in different textiles as reported by previous   

studies as compared to the current study    

Fabric Type 
Silver content 

(µg/g) 
References  Country 

Six brands of socks  0.9  - 1358 
(Benn and Westerhoff, 

2008) 
USA 

Nine socks with different 

composition 
3 – 21600 (Impellitteri et al., 2009) USA 

Antibacterial fabrics  0.99 – 15.1 (Kulthong et al., 2010) Thailand 

Textiles (different customer 

products in Home)  
30 – 270 (Benn et al., 2010) USA 

Eight brands socks and one 

pair of trouser 
1.5 – 2925 (Lorenz et al., 2012) Switzerland 

Socks available in Polish 

shops 
8.23 - 20.94 

(Kyzioł-Komosińska et 

al., 2016) 
Poland 

Cotton filled with AgNPs 4.959 – 182.1 
(Kyzioł-Komosińska et 

al., 2016) 
Poland 

Viscose filled with AgNPs 7.68 – 304.96 
(Kyzioł-Komosińska et 

al., 2016) 
Poland 

One brand of socks  0.049 – 0.116 This Study Jordan 

 

4.1.2 Release of Silver from Clothing Fabric to the Wash Water 

Table 4.3 shows the amount of silver that have been released after washing with 

deionized water. As can be observed, none of the sock leached significant amount of silver 

into the wash water. May this be due to the AgNPs type that incorporated into these kinds 

of socks and the methods of incorporation. As it is labeled by the manufacture, the kind of 

the AgNPs is of "Polyster nano" kind may the method of incorporation decrease the release 

of nanoparticels. The release rate of nanoparticles are mainly depends on the diffusion of 

nanopaticles through the polymer wall (Soppimath et al., 2001). 
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Table 4.3: Amount of AgNPs released as a results of 1-hr washing 

Sample 
Description 

(Color) 

Average sock 

mass (g) 

Silver released per sock 

First 

Wash 

(µg/sock) 

Second 

wash 

(µg/sock) 

Third 

wash 

(µg/sock) 

Control Grey and black 20.6 0.356 0.309 0.277 

A White 19.4 0.335 0.219 0.106 

B Grey and Black 21.2 2.699 0.158 0.145 

C White and Black 21.3 0.661 0.132 0.101 

  

Despite the fact that the AgNPs release was very low during the washing process, 

however, the total amount that can be released from a certain community into the sewer 

system is significant.  Therefore, to simulate the real amount that can reach the wastewater 

treatment plants (WWTPs), a commercial silver nanopowder have been prepared in spike 

into the bench-scale WWTP (test system) to investigate the fate and impacts of such 

nanoparticles on the performance of wastewater treatment processes.  

 

4.1.3 Scanning Electron Microscopy Analyses of Socks Fabric  

Figures 4.1 and 4.2 show SEM images of representative samples from socks A and 

B, respectively after ashing, the figures showing a spherical nanoparticles. The SEM 

images are an evidence on the presence of nanoparticles incorporated into the fabric. 
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Figure 4.1: SEM image of ashed sock A (white) material showing spherical silver particles 
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Figure 4.2: SEM image of ashed sock A (white) material showing spherical silver particles 
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4.2 Performance of the Bench-Scale Wastewater Treatment System 

The influent wastewater characteristics were monitored over the entire period of the 

experimental. The results are as the following: Chemical Oxygen Demand (COD) 906.1 ± 

115.2 mg/L, Biochemical Oxygen Demand (BOD) 592.2 ± 95.3, Ammonium 81.2 ± 10.3 

total suspended solids (TSS) 622 ± 39.9 mg/L (Table 4.4).  Dissolved Oxygen (DO) was 

maintained above 2.0 mg/L in the aeration vessels using compressed air to provide the 

bacteria with adequate oxygen supply during the treatment, and to maintain the aerobic 

conditions in the treatment systems. 

 

Table 4.4: Characteristics of wastewater influent introduced to the bench-scale treatment 

systems  

Parameter 
Average influent 

(mg/l) 

Standard deviation 

(mg/l) 

Chemical Oxygen Demand (COD) 906.1 115.2 

Biological Oxygen Demand (BOD) 422.5 55.9 

Ammonium 87.6 6.5 

Total Nitrogen 143.8 10.9 

Total suspended solids (TSS) 622 39.9 

 

4.2.1 Effect of Silver Nanoparticles on the Removal of Organic Matter  

Figures 4.3 and 4.4 show the performance of the two bench-scale treatment systems 

(test and control). As can be observed, during the start-up phase (no silver added yet; phase 

A), the COD and BOD removal efficiencies in the two systems were the same and highly 

efficient removed.  The average removal efficiencies for COD and BOD are 85.6% ± 1.14 

and 87.7% ± 2.23 respectively.  After the start-up phase, when adding the AgNPs to the 

test system at different concentrations, the performance of the treatment was decreased 

depending on the concentration of AgNPs that was added.  At 0.5 mg/l addition of AgNPs 

(phase B), the COD and BOD were still efficiently removed in the test system during the 
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period of addition of this concentration (two weeks), and there was no significant 

difference in the removal of organic matter between the two treatment systems.  The 

second stage of addition the AgNPs, was added 1.5 mg/l of AgNPs (phase C).  Which 

represents three folds addition of AgNPs, the negative effects of the AgNPs was observed. 

The adverse impact was increased with time for both COD and BOD. The average 

reduction of the removal efficiency in the test system as compared to the control system 

was 5.8% and 2.4% for COD and BOD, respectively.  The impact of AgNPs on the 

removal of the organic matter was more evident when the concentration of 5.0 mg/l of 

AgNPs was added (phase D). The average reduction of the removal efficiency in the test 

system as compared to the control system was 11.1% and 5.8% for COD and BOD, 

respectively.  

 

Figure 4.3: COD removal efficiency in the bench-scale WWTP (test and control systems) 

with continuous adding of: A) Start-up phase (without addition of silver nanoparticles),     

B) 0.5 mg/l, C) 1.5 mg/l, and D) 5 mg/l of AgNPs. Error bars represent 95% confidence 

intervals, n=3 
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Figure 4.4: BOD removal efficiency in the bench-scale WWTP (test and control systems) 

with continuous adding of: A) Start-up phase (without addition of silver) B) 0.5 mg/l, C) 

1.5 mg/l, and D) 5 mg/l of silver nanoparticles. Error bars represent 95% confidence 

intervals, n=3 

 

To determine whether there are any statistically significant differences between test 

and control systems, the results subjected to the analysis of variance (ANOVA) test. As 

judged to P-value, the results showed that the difference for COD and BOD removal 

efficiencies, between test and control treatment system was significant (P-value < 0.0001).  

Tables 4.5 and 4.6 show the ANOVA test analysis for COD and BOD, respectively.   

 

Table 4.5: Results of ANOVA analysis for COD removal efficiency between the two 

treatment systems (Control and test) by using SPSS 

Type Sum of Squares df Mean Square F Sig. 

Between Groups 343.760 1 343.760 33.120 .000 

Within Groups 975.642 94 10.379   

Total 1319.402 95    
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Table 4.6: Results of ANOVA analysis for BOD removal efficiency between the two 

treatment systems (Control and test) by using SPSS 

 Sum of Squares df Mean Square F Sig. 

Between Groups 97.808 1 97.808 21.354 .000 

Within Groups 430.554 94 4.580   

Total 528.362 95    

 

The organic matter removal results showed that dosing the AgNPs at concentration 

greater than 1.5 mg/l had a significant adverse impacts on COD and BOD removal 

efficiency in the bench-scale wastewater treatment plant. Our results are in agreement with 

the results that reported by Patil and Parikh (2014), using the sequencing batch reactors for 

short duration at 0.065 mg/l of AgNPs. They concluded that AgNPs have a negative 

impacts on removal of COD and BOD by 35% and 20% reduction of removal efficiencies 

were found, respectively. Jeong et al. (2014), have investigated the impact of long term 

exposure of AgNPs on activated sludge bacteria, they also showed that the percentage 

removal of organic matter was decreased by about  30% at concentration of AgNPs equal 

to 0.5 mg/l . However, many studies showed the opposite of these results, Hou et al. (2012) 

and Sheng et al. (2017) reported that there was no significant difference on the COD 

removal efficiencies at 0.5 mg/l and 1.0 mg/l of AgNPs.  The results in this study for COD 

and BOD are similar to their results, in which there was no significant reduction of organic 

matter removal efficiency was found at low concentration (0.5 mg/l). 

 

4.2.2 Effect of Silver Nanoparticles on Ammonium and Total Nitrogen Removal  

The bench-scale wastewater treatment systems was allowed to operate under 

nitrification conditions by controlling the sludge age to be 10 days. The average  

concentrations effluent of ammonium (NH4
+ -N) were  2.1 ± 0.451 mg/l with average 

removal efficiency of 96.6% during the start-up phase in both test and control systems. 
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Most the influent ammonium was converted to nitrate (NO3-N) in the effluent. The influent 

concentrations of NO3-N were 1.21± 0.65 mg/l and the effluent concentrations of NO3-N 

were 10.35± 3.17 mg/l. That indicating a good nitrification process that achieved in this 

system. After the start-up phase the ammonium removal efficiency was slightly affected at 

the low concentration of AgNPs (0.5 mg/l), the reduction in the removal efficiency in the 

test system compared with the control system was 2.4% (Figure 4.5). With the increase the 

concentration of AgNPs, the removal efficiency of ammonium was decreased, at high 

concentration of AgNPs (5.0 mg/l) the ammonium removal efficiency started to drop 

clearly. ANOVA analysis showed that the difference for ammonium removal efficiency 

between test and control treatment systems was significant (P-value < 0.0001). Tables 4.7 

shows the ANOVA test analysis for ammonium removal efficiency.  

 

Table 4.7: Results of ANOVA analysis for ammonium removal efficiency between the 

two treatment systems (Control and test) by using SPSS 

 Sum of Squares Df Mean Square F Sig. 

Between Groups 1102.970 1 1102.970 44.055 .000 

Within Groups 2353.396 94 25.036   

Total 3456.366 95    

 

 This results was in agreement with many previous studies.  Liang et al. (2010) and 

Jeong et al. (2014) showed that at concentrations of 1 and 0.5 mg/l of AgNPs inhibited the 

nitrification by 41 and 70%, respectively.  On the other hand, Hou et al. (2012) reported 

that no significant impacts on ammonium removal efficiency.  This  may be due to the fact 

that the Ammonium Oxidized Bacteria (AOB) are very sensitive to the toxicants 

(Radniecki et al., 2008),  AgNPs as a toxicants in this study. 

 



37 

 

Figure 4.5: Ammonium removal efficiency in the bench-scale WWTP (test and control 

systems) with continuous adding of: A) Start-up phase (without addition of AgNPs), B) 0.5 

mg/l, C) 1.5 mg/l, and D) 5 mg/l of silver nanoparticles. Error bars represent 95% 

confidence intervals, n=3 

 

Figure 4.6 shows the total nitrogen removal efficiency in the two systems under 

different concentrations of AgNPs. During the start-up, the total nitrogen removal 

efficiency was 52.6 ± 3.1%, indicating a partial denitrification process. At low 

concentration of AgNPs (0.5 mg/l) there was no difference in the removal of total nitrogen, 

however the difference clearly seems from day 30 onward in the test system as compared 

to the control treatment system. There are no previous studies considered the impacts of 

AgNPs on the removal of total nitrogen. Most of the studies focused  on the effects on the 

nitrification and denirtification processes.  
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Figure 4.6: Total nitrogen removal efficiency in the bench-scale WWTP (test and control 

systems) with continuous addition of: A) 0 mg/l (steady-state conditions), B) 0.5 mg/l, C) 

1.5 mg/l, and D) 5 mg/l of AgNPs. Error bars represent 95% confidence intervals, n=3 

 

4.2.3 Effect of Silver Nanoparticles on Bacterial Community 

The Heterotrophic Plate Count (HPC) in the activated sludge test showed that the 

difference in the heterotrophic bacteria between the two treatment systems (control and 

test) was significant (P-value = 0.011). Tables 4.8 and 4.9 Show the group statistics and 

ANOVA test results from SPSS. Figure 4.7 shows that in the start-up phase, there was no 

difference in the in the heterotrophic bacteria, this applies also to the low concentration of 

AgNPs the difference was not significant. However at high concentration (5 mg/l), the 

number of bacteria start to deteriorate.  
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Table 4.8: Statistics data for heterotrophic bacteria between the two treatment systems 

(control and test) 

 Type N Mean 
Standard 

Deviation 

Standard Error 

Mean 

Value 

Test 50 171.6591029 31.33254034 4.52246265 

Control 50 186.5916105 24.62588882 3.55444089 

 

Table 4.9: Results of ANOVA test for heterotrophic bacteria between the two treatment 

systems (control and test) by using SPSS 

 Sum of Squares df Mean Square F Sig. 

Between Groups 5351.515 1 5351.515 

6.739 0.011 Within Groups 74643.637 94 794.081 

Total 79995.152 95  
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Figure 4.7: Comparison of heterotrophic bacteria numbers between control and test 

treatment systems. Continuous adding of: A) Start-up phase (without addition of AgNPs), 

B) 0.5 mg/l, C) 1.5 mg/l, and D) 5 mg/l of AgNPs  

 

Figure 4.8 shows the extent reduction in the bacteria numbers between test and 

control systems, as observed the percentage of reduction was increased with increase in the 

concentration of AgNPs.  It can be seen the highest percent reduction was 28%.  Similar 

observations was also reported (Patil and Parikh. 2014). This is an evidence that how the 

removal efficiencies of BOD and COD were reduced at high concentrations of AgNPs 

cause of reduction of heterotrophic bacteria which are responsible of oxidation of organic 

matter (Metcalf and Eddy (2014)). 
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Figure 4.8: Percent reduction in number of heterotrophic bacteria in the test system as 

compared to the control system. Continuous adding of: A) Start-up phase (without addition 

of AgNPs), B) 0.5 mg/l, C) 1.5 mg/l, and D) 5 mg/l of AgNPs  

 

Figure 4.9 shows the relationship between the reduction in number of heterotrophic 

bacteria and the reduction in percent removal of BOD. As observed, the correlation 

between the decrease in the number of bacteria and the reduction in BOD removal 

efficiencies was linear, the r2 was equal 0.8238. This results indicated that reduction in 

number of heterotrophic bacteria was the main reason to the reduction of BOD removal 

efficiency in the test system as compared to the control system.  
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Figure 4.9: Percent reduction of number of bacteria versus percent reduction in BOD 

removal efficiency  

 

4.2.4 Comparison of Research Results with Previous Studies 

The impacts of AgNPs on wastewater treatment process have been investigated by 

many researchers. Different studies reported different impacts results of the AgNPs on the 

wastewater treatment. The main recent results of these studies including the results of the 

present study have been summarized in Table 4.10. 
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Table 4.10: Summary of literature results on the impacts of AgNPs on wastewater treatment as compared to the present study 

Concentration 

(mg/l) of AgNPs 

Exposure 

Time 
Impacts  Reference Country  

1 12 hours - Decrease nitrification by 41% (Liang et al., 2010) China 

0.25– 10 1.6 hours - Decrease (4 – 50%) of Ammonia-oxidation activity (Giao NT, 2012) Thailand  

0.5 15 days - No significant  impact on COD and ammonium removal (Hou et al., 2012) China 

0.5  32 days 
- Significant decrease of ammonia oxidizing bacteria 

- No Significant decrease of Nitrite oxidizing bacteria    
(Jeong E, 2012) Australia  

0.5 50 days 
- Decrease nitrification 70% 

- Decrease organic matter removal by 30% 
(Jeong et al., 2014) Australia  

0.065 4 hours 

- 100% inhibition of bacteria (all the bacteria dead) 

- Decrease BOD removal by 20% 

- Decrease COD removal by 35% 

(Patil and Parikh, 2014) India 

35 7 days 
- Decrease 80% of  Functional gene for ammonia oxidizing bacteria  

- significantly damaged  of Floc structure and granulation  
(Yang et al., 2014) USA 

0.1 60 days - No significant impacts on nitrification (Zhang et al., 2014a) USA 

0.4 -0.5  12 hours 
- Inhibition  11.5% of nitrification at 0.4 mg/l 

- Inhibition 50% of nitrification at 0.5 mg/l 
(Brown, 2017) USA 

0.5 15 days 
- No significant impacts on BOD and COD 

- Decrease Nitrification by 2.4% 
This Study Jordan 

1.5 15 days 
- Decrease COD removal by 5.8% and BOD by 2.4% 

- Decrease Nitrification by 9.2% 
This Study Jordan 

5  15 days 
- Decrease COD removal by 11.1% and BOD by 5.8% 

- Decrease Nitrification by  18.4% 
This Study Jordan 
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As observed all the previous studies have used different concentrations of AgNPs. 

Furthermore, the exposure time was also varied. The concentrations were ranging between 

0.065 mg/l to very high concentrations of 35 mg/l.  The exposure time was ranging from 

hours to two months. In this study, the exposure time and concentrations were selected that 

represent an average values reported in the previous studies. 

In the present study, at low concentration (0.5 mg/l) of AgNPs no significant impacts 

was observed on both COD and BOD removal efficiencies, however Jeong et al. (2014) 

and Patin and Prikh (2014) reported that there was a significant difference in BOD and 

COD removal at low concentrations of 0.5 and 0.065 mg/l, respectively.   

Jeong et al. (2014) that used 0.5 mg/l of AgNPs (as same as this study), shows that 

the nitrification was decreased by 70%. However, in this study the nitrification was only 

decreased by 2.4% at the same concentration, may that due to the difference in duration of 

exposure and the technology of treatment system that was adopted. Furthermore Brown 

(2017) reported that the inhibition of nitrification was 50% at 0.5 mg/l of AgNPs, which 

implies higher reduction in the nitrification than what was reported in the current study. 

The difference in the results between the studies may be attributed to several reasons 

including, concentration of AgNPs, characteristics of AgNPs (Size and shape), exposure 

time to AgNPs, and treatment system that was used. Figures 4.10 and 4.11 show the 

comparison between the reduction in organic matter (BOD and COD) and reduction in 

nitrification between the current study and the results reported by other researchers. 
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Figure 4.10: Comparison between the reduction efficiencies of organic matter (BOD and 

COD) reported by the previous studies as compared to the current study 

 

 
Figure 4.11: Comparison between the reduction efficiencies of nitrification reported by the 

previous studies as compared to the current study 

 

1 mg/l – 5mg/l  

0.065 mg/l 

Not 
Significant 

Not 
Significant 

Not 
Significant 
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4.3 Fate of Silver Nanoparticles  

The silver concentrations in the effluent wastewater and sludge was investigated 

during the period of study at different AgNPs concentrations. The silver concentrations in 

the effluent in the test system remained below 0.1 mg/l all the time, and at all AgNPs 

addition. The highest concentration was 0.09 at day 11 after addition 5 mg/l of AgNPs to 

the test system (Figure 4.12).  

 
Figure 4.12: Silver release in the effluent wastewater. In the test system bench-scale 

WWTP at continuous adding of: B) 0.5 mg/l, C) 1.5 mg/l, and D) 5 mg/l, of silver 

nanoparticles. The results represent the average of triplicate samples; n=3 

  

From the Figure 4.12 the trend of increasing of the released silver in the effluent can 

be observed.  However the difference in the release of AgNPs is slight in each phase of 

AgNPs addition, indicating that the treatment system has a capacity of maintaining the 

AgNPs in the sludge, which the silver accumulate in the sludge (Figures 4.13).   
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Figure 4.13: Silver accumulation in the sludge in the test system bench-scale WWTP at 

continuous adding of: B) 0.5 mg/l, C) 1.5 mg/l, and D) 5 mg/l, of AgNPs. The results 

represent the average of triplicate samples; n=3 
 

The accumulation of silver has a periodic behavior to some extent, as well as the 

behavior of silver release from the effluent. While the silver accumulation reached to a 

highest value, the cells start to die, then the silver start to release in the effluent treated 

water. Many literature has been reported that the main transport way of nanoparticles in 

WWTPs is adsorption into the sludge (Kiser et al., 2010; Zheng et al., 2011). About 90% 

of silver nanoparticles have associated to biomass when using a batch adsorption isotherms 

(Benn and Westerhoff, 2008). Furthermore, Kiser et al. (2010) have been used batch 

sorption isotherm experiment with activated sludge as sorbent and nanoparticles as sorbate, 

and in their study shows that 97% of AgNPs were removed by sorption into the biomass. 

In the current study the results of mass balance of AgNPs shows that 87.66% of AgNPs 

incorporated into the sludge.  
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Figure 4.14 shows the relations between the concentrations od AgNPs added and the 

concentrations of silver in the sludge. As can be observed that the increased concentration 

of added silver led to an increase and accumulation of silver in the sludge.  

 

Figure 4.14: The concentrations of AgNPs added and its relations to increase the 

concentrations of silver in the sludge. The concentrations of AgNPs added are: B) 0.5 mg/l, 

C) 1.5 mg/l, and D) 5 mg/l, of AgNPs. The results represent the average of triplicate samples; 

n=3 

 

Figure 4.15 shows the power correlation between the AgNPs concentrations in the 

sludge and the release of AgNPs in the wastewater effluent. 

 

B C D 
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Figure 4.15: The correlation between the AgNPs in the sludge and the release of AgNPs in 

the wastewater effluent  
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Chapter Five:  Conclusions and Recommendations  

5.1 Conclusions  

The increase use of AgNPs has resulted in increasing the amount of released AgNPs 

into domestic and industrial waste streams. The research on the impacts of AgNPs 

performance of wastewater treatment processes is still in its infancy. Therefore, the current 

work is considered as an addition to the efforts in this area of research.  

According to the results obtained in this research, the following can be observed:  

• After quantifying the total amount of AgNPs in the socks and in the wash water  by 

washing the socks in a way that mimic the real world washing machine cycle,  the 

amount of AgNPs in the socks is very low, therefore, the release of silver after 

washing is not significant. It is likely that the method used for incorporating of 

nanoparticles into the fabric (i.e socks) greatly affects the potential for silver release 

due the strongly bounded nanoparticles in the fabric nanocomposite. 

• The impacts of AgNPs on the wastewater treatment process in an activated sludge 

system (bench-scale system) were investigated in terms of systems performance, 

organic matter (COD and BOD) removal, nitrogen removal, and ammonium 

removal. AgNPs had no significant adverse impacts on organic matter removal 

(COD and BOD) at low concentration (0.5 mg/l). However, the nitrification was 

slightly affected during the exposure of this concentration. At high concentrations 

of AgNPs (1.5 and 5 mg/l), the negative impacts of AgNPs was appeared, the 

reduction in the removal efficiencies in the test system as compared to the control 

system was increased with increasing the concentration of AgNPs. 
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• Number of heterotrophic bacteria in the test system was decrease as compared to 

the control system. The difference in the heterotrophic bacteria between the two 

treatment system was significant (P-value = 0.011). 

• Most of the AgNPs have been removed by accumulation and adsorption into the 

sludge and no significant silver was released in the wastewater effluent. The 

accumulation of AgNPs on the sludge may have negative impacts on the soil if the 

sludge used as fertilizers, or if the AgNPs leached from the landfills to the soil or 

groundwater.    
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5.2 Recommendations  

In order to fully understand the complete risks associated with the introduction of 

AgNPs in to the environment, it would be helpful to take the following recommendations 

into account in future work: 

• Use different kinds of socks or clothing fabrics from different manufacturing 

companies with different methods of incorporation of nanoparticles.    

• Conducting further investigations on the impact of the AgNPs on different 

microbial communities during the wastewater processes. 

• Investigate the fate and impacts of AgNPs by using different treatment systems (i,e  

trickling filters, and stabilization ponds). Furthermore, study the transformation of 

AgNPs during various stages in the wastewater treatment process. 

• Investigate methods for safe sludge disposal where most of the AgNPs accumulate. 
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Appendices 

Appendix (A): Removal efficiencies of organic matter in control and test 

treatment systems 

 
Table A.1: Removal efficiencies of COD in the control and test systems during the three 

runs  

Condition Days 

Eff.% 

Control 

(1) 

Eff.% 

Test (1) 

Eff.% 

Control 

(2) 

Eff.% 

Test (2) 

Eff.% 

Control 

(3) 

Eff.% 

Test (3) 

Steady state 

1 83.5 83.1 82.9 83.4 81.9 82 

2 84.2 84.4 84.4 84.0 83.9 83.8 

3 83.6 84.1 84.9 85.1 85.1 85.7 

4 85.3 85.7 84.9 84.8 85.6 85.5 

5 85.9 85.1 85.5 85.6 85.0 85.2 

6 85.1 86.4 86.9 86.7 86.3 86.5 

7 85.6 86.2 85.9 86.7 86.9 86.3 

8 86.1 86.1 86.4 86.3 86.5 86.4 

9 85.8 85.6 85.0 85.6 85.8 85.2 

10 86.9 84.9 85.3 86.2 84.9 85.5 

11 85.7 86.1 87.3 86.7 86.9 87.5 

12 85.9 85.7 87.2 87.0 87.1 87.0 

13 86.0 86.4 86.9 86.8 87.2 87.4 

14 86.1 85.9 86.0 86.4 87.5 88.2 

0.5 mg/l of 

AgNPs 

15 87.0 86.1 86.4 85.9 86.8 87.1 

16 87.7 87.5 87.0 87.3 85.9 85.8 

17 85.8 85.1 85.2 84.9 87.3 87 

18 87.5 87.1 86.9 86.8 88.7 88.1 

19 88.0 88.2 87.3 87.9 87.6 87.5 

20 84.2 85.1 84.4 84.9 86.4 86.5 

21 84.7 84.2 84.9 84.4 87.1 87.0 

22 84.2 83.8 84.3 83.9 86.7 86.2 

23 85.7 85.6 85.8 85.8 88.9 88.7 

24 84.8 83.7 84.9 83.9 85.9 84.9 

25 88.5 87.4 88.6 87.5 87.3 86.2 

26 88.4 86.9 88.5 87.0 87.0 85.5 
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Condition Days 

Eff.% 

Control 

(1) 

Eff.% 

Test (1) 

Eff.% 

Control 

(2) 

Eff.% 

Test (2) 

Eff.% 

Control 

(3) 

Eff.% 

Test (3) 

1.5 mg/l of 

AgNPs 

27 85.8 80.3 85.5 80.1 86.7 80.3 

28 85.1 82.8 84.7 82.7 85.9 81.9 

29 86.1 82.5 85.8 82.3 84.5 83.1 

30 85.2 82.6 85.6 82.4 85.7 81.0 

31 87.8 82.9 88.1 82.9 86.4 83.1 

32 85.0 79.8 85.3 79.8 86.0 82.3 

33 84.1 77.0 84.4 77.1 82.2 77.1 

34 84.8 78.1 85.1 78.1 83.9 77.1 

35 85.7 78.6 86.1 78.9 85.7 78.5 

36 87.0 79.9 87.5 80.2 87.4 80.2 

37 88.4 77.4 88.9 77.7 86.8 75.7 

38 85.0 78.6 85.5 79.0 84.1 77.7 

5 mg/l of 

AgNPs 

39 84.6 74.9 85.1 75.2 86.0 75.3 

40 85.3 79.9 85.8 80.2 87.1 78.1 

41 86.6 79.6 87.1 79.5 86.3 76.9 

42 86.8 76.5 87.3 76.4 87.8 75.2 

43 85.4 74.8 85.2 74.7 88.2 75.7 

44 85.4 69.1 85.2 75.1 86.0 72.8 

45 87.2 76.8 88.1 76.6 87.1 76.2 

46 88.8 78.0 88.6 78.1 87.3 76.6 

47 87.9 77.5 87.7 77.6 86.9 76.7 

48 87.6 75.7 87.4 75.8 85.3 73.5 

49 84.1 73.7 83.8 73.8 85.9 74.8 

50 85.6 72.1 85.3 73.0 87.5 70.1 
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Table A.2: Removal efficiencies of BOD in the control and test systems during the three 

runs  

Condition Days 

Eff.% 

Control 

(1) 

Eff.% 

Test (1) 

Eff.% 

Control 

(2) 

Eff.% 

Test (2) 

Eff.% 

Control 

(3) 

Eff.% 

Test (3) 

Steady state 

1 83.4 83.1 84.6 84.3 83.0 83.1 

2 83.9 84.0 84.5 84.6 84.2 84.2 

3 84.1 84.1 84.5 84.5 84.3 84.6 

4 84.6 84.5 84.8 85.0 85.1 85.3 

5 84.9 85.0 85.1 85.5 85.5 85.9 

6 85.6 86.1 84.9 86.1 86.6 86.1 

7 89.0 88.5 89.5 88.6 86.7 87.0 

8 89.5 89.8 89.9 89.2 88.3 89.0 

9 88.8 89.6 89.6 89.4 88.9 89.1 

10 89.2 89.6 89.4 89.3 89.0 89.3 

11 88.4 89.1 88.0 88.2 88.9 89.2 

12 88.6 88.9 88.1 88.3 88.8 89.1 

13 89.3 89.1 88.7 88.9 89.0 89.0 

14 89.2 89.4 89.0 89.6 89.1 89.5 

0.5 mg/l 

AgNPs 

15 89.7 89.2 89.3 88.9 89.5 89.1 

16 89.1 89.0 88.6 88.8 88.8 88.9 

17 89.4 89.0 89.0 88.8 89.2 88.9 

18 87.8 87.1 87.4 86.9 87.6 87.0 

19 90.3 90.0 89.9 89.8 87.0 86.9 

20 88.2 87.8 87.8 87.5 88.1 87.7 

21 90.2 89.7 89.8 89.5 89.3 88.9 

22 89.4 89.0 89.6 89.2 89.5 89.1 

23 89.6 89.1 89.9 89.3 89.7 89.2 

24 90.0 89.1 90.3 89.3 90.2 89.2 

25 89.9 89.1 90.1 89.3 91.1 90.3 

26 89.4 88.7 89.6 88.9 89.8 89.1 
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Condition Days 

Eff.% 

Control 

(1) 

Eff.% 

Test (1) 

Eff.% 

Control 

(2) 

Eff.% 

Test (2) 

Eff.% 

Control 

(3) 

Eff.% 

Test (3) 

1.5 mg/l 

AgNPs 

27 89.1 87.6 89.3 87.4 89.2 87.5 

28 89.2 88.3 89.4 88.1 89.7 88.6 

29 89.1 87.5 89.3 87.3 89.8 88.0 

30 89.2 87.1 89.4 86.9 89.3 87.0 

31 87.8 86.1 88.1 86.3 88.9 87.2 

32 90.1 88.7 90.6 88.8 90.7 89.1 

33 88.1 86.3 88.6 86.8 88.4 86.5 

34 89.8 85.4 90.3 85.9 90.3 85.9 

35 90.7 85.0 91.2 85.3 91.0 85.2 

36 88.0 86.1 88.1 86.4 88.2 86.4 

37 88.4 86.9 88.8 87.4 87.9 86.4 

38 87.0 83.3 87.5 83.8 89.2 85.5 

5 mg/l 

AgNPs 

39 89.6 83.2 90.1 83.7 89.8 83.4 

40 90.1 85.1 90.6 85.6 88.7 84.0 

41 89.6 84.0 90.1 84.5 89.9 84.2 

42 89.8 84.1 90.3 84.6 90.1 84.3 

43 88.5 85.3 88.3 84.6 88.4 85.0 

44 88.4 84.0 88.3 83.3 89.3 84.6 

45 88.2 83.1 88.0 82.4 88.1 82.8 

46 88.8 83.8 88.6 83.1 88.7 83.5 

47 89.9 82.9 89.7 82.2 89.8 82.6 

48 88.6 83.0 88.5 82.3 88.5 82.7 

49 88.1 81.9 87.9 81.8 88.0 81.8 

50 89.6 81.5 89.4 80.4 88.3 79.7 
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Appendix (B): Removal efficiencies of Ammonium and Total Nitrogen in 

control and test treatment systems 

 

Table B.1: Removal efficiencies of Ammonium in control and test systems  

Condition Days 

Eff.% 

Control 

(1) 

Eff.% 

Test (1) 

Eff.% 

Control 

(2) 

Eff.% 

Test (2) 

Eff.% 

Control 

(3) 

Eff.% 

Test (3) 

Steady state 

1 96.2 95.0 96.0 95.3 96.0 95.1 

2 95.6 95.3 95.4 95.6 95.4 95.3 

3 98.2 97.9 98.3 98.2 98.0 97.8 

4 96.0 96.8 96.1 96.7 95.8 96.5 

5 95.6 97.4 95.7 97.3 95.4 97.1 

6 96.6 97.4 96.3 97.3 96.4 97.3 

7 96.2 96.0 95.9 95.6 96.0 95.8 

8 97.9 98.8 97.6 99.0 97.7 98.9 

9 96.3 98.6 96.6 98.8 96.7 98.9 

10 96.2 98.2 96.5 98.4 96.6 98.5 

11 97.1 97.5 97.4 97.6 97.5 97.8 

12 98.0 98.1 97.6 98.3 97.8 98.3 

13 97.9 98.0 97.8 98.7 97.9 98.1 

14 98.2 98.4 98.3 98.5 98.4 98.6 

0.5 mg/l 

AgNPs 

15 98.3 98.2 97.9 98.0 98.0 98.0 

16 99.4 99.5 99.0 99.3 99.1 99.0 

17 96.6 95.1 96.1 94.9 96.2 94.9 

18 96.5 95.1 96.1 94.9 95.9 94.6 

19 97.5 95.2 97.1 95.0 96.9 94.7 

20 98.3 95.6 97.8 95.3 97.6 95.0 

21 97.0 94.5 96.6 94.3 96.4 94.0 

22 98.2 95.4 98.4 95.6 98.2 95.5 

23 97.2 94.3 97.5 94.5 96.9 94.0 

24 98.8 95.6 99.1 95.7 98.5 95.2 

25 96.8 93.2 97.0 93.4 96.5 92.9 

26 98.1 94.1 98.3 94.3 97.8 93.8 
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Condition Days 

Eff.% 

Control 

(1) 

Eff.% 

Test (1) 

Eff.% 

Control 

(2) 

Eff.% 

Test (2) 

Eff.% 

Control 

(3) 

Eff.% 

Test (3) 

1.5 mg/l 

AgNPs 

27 94.9 90.1 95.1 89.9 94.6 89.6 

28 96.3 89.0 96.5 88.8 96.8 89.3 

29 95.6 88.9 95.8 88.7 96.1 89.2 

30 96.1 87.7 96.3 87.5 96.6 88.0 

31 98.9 88.4 99.2 88.8 99.5 89.0 

32 98.1 88.3 98.6 88.5 98.9 88.9 

33 96.9 86.2 97.4 86.7 97.7 87.0 

34 97.4 87.3 97.9 87.9 97.6 87.5 

35 98.5 89.4 99.0 89.7 98.7 89.4 

36 96.8 86.2 97.2 86.5 96.9 86.3 

37 98.9 88.1 99.3 88.6 99.1 88.3 

38 99.6 88.2 98.1 88.7 97.9 87.5 

5 mg/l AgNPs 

39 98.4 82.7 98.9 83.2 98.7 83.0 

40 99.1 84.3 99.6 84.8 99.4 83.0 

41 98.0 80.4 98.5 80.8 98.3 80.7 

42 98.6 79.5 99.1 79.9 98.9 79.7 

43 97.8 76.7 97.6 76.0 97.4 76.0 

44 98.1 79.1 97.9 78.5 97.7 78.5 

45 96.3 82.2 96.1 81.5 95.9 81.5 

46 98.1 80.2 97.9 79.5 97.7 79.6 

47 97.8 82.2 97.7 81.5 97.5 81.5 

48 97.8 82.1 97.6 81.5 97.4 81.5 

49 97.5 78.3 97.3 78.1 97.1 77.9 

50 98.9 75.1 98.7 71.7 98.5 73.1 
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Table B.2: Removal Efficiencies of Total Nitrogen in Control and Test Systems 

Condition Days 

Eff.% 

Control 

(1) 

Eff.% 

Test (1) 

Eff.% 

Control 

(2) 

Eff.% 

Test (2) 

Eff. 

Control 

(3) 

Eff. Test 

(3) 

Steady state 

1 44.9 45.4 47.3 47.8 45.1 45.6 

2 48.2 48.4 50.6 50.8 45.3 45.5 

3 50.5 50.3 53.2 52.9 53.6 53.4 

4 54.5 54.9 57.1 57.5 57.5 57.9 

5 55.3 55.2 57.5 57.8 57.9 58.0 

6 50.3 50.6 52.5 53.5 52.9 53.6 

7 49.6 49.4 51.8 52.3 52.6 52.8 

8 53.6 52.2 56.2 55.0 54.3 53.0 

9 54.3 54.5 56.9 56.8 55.0 55.1 

10 51.6 51.3 54.0 53.6 52.3 52.0 

11 53.9 53.6 56.3 55.9 54.6 54.3 

12 52.9 53.1 53.7 53.5 53.6 53.6 

13 53.1 53.0 52.5 53.0 53.8 54.0 

14 51.5 51.7 51.5 52.5 52.2 52.8 

0.5 mg/l 

AgNPs 

15 42.7 42.9 44.7 45.2 44.4 44.8 

16 50.1 50.2 43.2 43.0 46.1 46.3 

17 52.4 52.5 54.5 55.2 54.2 54.6 

18 47.8 47.8 49.8 49.5 49.5 49.4 

19 51.7 51.8 53.7 53.1 52.0 51.7 

20 51.1 50.6 53.2 52.8 51.4 51.0 

21 48.7 48.1 50.7 50.3 49.0 48.5 

22 48.8 48.7 51.6 51.3 49.1 48.9 

23 50.7 50.3 53.4 53.0 53.1 52.7 

24 50.4 48.9 53.2 52.6 52.9 51.8 

25 61.4 58.8 59.1 58.6 63.8 62.2 

26 54.0 51.6 56.7 56.3 64.4 63.0 
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Condition Days 

Eff.% 

Control 

(1) 

Eff.% 

Test (1) 

Eff.% 

Control 

(2) 

Eff.% 

Test (2) 

Eff. 

Control 

(3) 

Eff. Test 

(3) 

1.5 mg/l 

AgNPs 

27 54.8 54.0 57.5 56.3 65.2 64.2 

28 58.1 53.9 54.8 52.3 57.9 55.5 

29 55.6 50.4 53.3 52.7 60.4 57.5 

30 57.0 54.3 53.7 50.6 56.8 53.9 

31 53.1 51.9 56.0 52.8 52.9 51.7 

32 55.2 51.6 58.2 51.3 55.0 48.8 

33 54.1 53.6 57.1 52.5 53.9 48.9 

34 52.5 49.6 55.5 49.6 55.8 49.4 

35 57.1 51.8 58.1 53.6 61.4 50.5 

36 54.1 47.4 57.0 53.2 63.3 56.6 

37 55.1 51.2 58.0 55.1 58.3 55.9 

38 57.1 51.0 60.1 53.0 60.4 53.8 

5 mg/l 

AgNPs 

39 54.4 48.2 57.4 51.2 57.7 51.5 

40 53.7 50.1 57.3 52.9 56.4 51.1 

41 54.9 49.6 57.9 51.1 58.2 52.2 

42 57.0 49.8 60.0 54.3 60.3 53.9 

43 55.5 50.0 66.8 56.3 55.1 59.6 

44 60.4 54.6 68.7 60.9 56.1 49.3 

45 59.7 49.3 57.1 54.6 46.8 41.4 

46 58.1 53.0 60.4 54.3 50.5 44.9 

47 52.1 49.0 54.4 49.3 55.8 51.7 

48 58.4 49.9 60.8 52.3 59.3 50.8 

49 55.2 46.9 57.5 50.8 61.7 54.2 

50 56.3 48.3 58.6 50.6 55.1 47.1 
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Appendix (C): Heterotrophic plate counting results  

 

Table C.1: Results of Heterotrophic plate counting (all the results divided by 10^12)  

Condition day 

First Run 2nd Run 3rd Run 

Control Test Control Test Control Test 

 

1 190.327 191.667 218.123 218.130 166.500 166.837 

2 199.167 200.833 206.290 206.296 170.667 174.003 

3 208.667 208.500 220.790 220.796 228.167 228.087 

4 145.424 146.417 157.123 157.130 170.667 171.170 

5 254.444 253.333 266.567 266.574 174.146 173.448 

6 156.667 155.833 168.790 168.796 193.167 192.753 

7 232.667 231.667 244.790 244.796 181.333 180.837 

8 203.333 203.833 215.456 215.463 181.400 181.653 

9 244.167 244.366 256.167 256.173 190.567 190.487 

10 188.333 189.167 200.333 200.340 205.067 205.487 

11 156.667 155.833 168.667 168.673 141.400 140.987 

12 185.111 188.667 190.000 190.007 250.844 252.681 

13 162.510 165.220 167.500 167.507 213.173 214.536 

14 166.667 166.167 171.667 171.667 201.340 201.090 

0.5 mg/l 

AgNPs 

15 224.167 220.667 229.167 229.167 215.840 214.090 

16 166.667 166.833 171.667 171.667 152.173 152.256 

17 170.137 169.660 221.000 220.000 261.617 264.618 

18 189.167 188.111 194.167 194.167 163.840 163.256 

19 177.333 176.833 209.334 209.334 239.840 239.590 

20 185.833 184.111 176.834 176.834 210.506 209.645 

21 162.511 161.333 153.501 153.501 200.879 200.296 

22 160.111 159.167 192.001 192.001 178.379 177.962 

23 154.167 153.667 145.167 144.666 182.546 182.045 

24 145.833 150.833 136.834 134.833 240.046 238.045 

25 160.324 158.235 170.235 168.145 141.987 140.257 

26 156.667 153.333 147.667 144.333 182.546 179.212 

27 141.667 136.667 132.667 127.666 185.879 180.878 
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Condition day 

First Run 2nd Run 3rd Run 

Control Test Control Test Control Test 

1.5 mg/l 

AgNPs 

28 141.667 133.667 132.667 124.666 205.046 197.046 

29 172.511 162.333 163.501 153.833 220.213 210.296 

30 173.333 160.511 164.334 150.000 187.713 174.129 

31 148.333 131.111 139.334 123.500 164.380 148.296 

32 134.167 115.833 125.167 117.333 170.167 152.083 

33 166.667 144.667 196.767 175.266 161.833 145.083 

34 268.333 241.583 298.434 279.183 172.667 154.666 

35 190.833 160.751 220.889 186.350 157.667 125.355 

36 160.113 120.333 190.056 160.933 157.667 118.272 

37 224.167 190.333 254.222 218.933 188.512 152.939 

38 190.236 158.083 220.056 185.683 189.333 148.689 

5 mg/l 

AgNPs 

39 145.833 103.180 175.889 145.600 164.333 133.772 

40 220.946 174.956 250.056 219.600 150.167 114.439 

41 150.833 109.333 180.889 141.933 182.667 132.439 

42 166.667 130.167 216.543 152.767 284.333 244.195 

43 164.167 88.417 194.043 147.017 206.833 182.945 

44 166.667 118.252 196.543 158.850 176.123 133.945 

45 155.833 106.114 185.710 146.600 240.167 200.695 

46 170.330 130.224 192.223 154.231 160.321 110.897 

47 180.932 145.217 209.877 169.817 170.167 124.746 

48 144.167 121.508 174.043 129.108 161.834 110.037 

49 154.167 111.667 184.043 125.267 172.667 134.529 

50 165.323 111.417 194.877 151.017 157.667 128.446 
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Appendix (D): Silver Concentrations in the Effluent Water and in the 

Sludge  

 

Table D.1: Concentration of silver in the effluent water  

Condition Days 

Conc. Ppb 

In the first 

run 

Conc. mg/l 

In the first 

run 

Conc. Ppb 

In the 2nd 

run 

Conc. mg/l 

In the 

second run 

Conc. PPb 

in the 3rd 

run 

Conc. mg/l 

in the 

third run 

0.5 mg/l 

AgNPs 

1 0.2256834 0.00022568 0.0989688 9.897E-05 0.2877992 0.000288 

2 0.01657067 1.6571E-05 0.1101389 0.0001101 0.0194152 1.94E-05 

3 0.25642735 0.00025643 0.1491831 0.0001492 1.7093082 0.001709 

4 0.26545979 0.00026546 0.1904151 0.0001904 1.653759 0.001654 

5 0.03173339 3.1733E-05 0.361258 0.0003613 3.5314273 0.003531 

6 0.285588 0.00028559 0.3241825 0.0003242 0.2060502 0.000206 

7 0.04293229 4.2932E-05 0.0775693 7.757E-05 0.0273974 2.74E-05 

8 0.03427128 3.4271E-05 0.4315245 0.0004315 0.0070035 7E-06 

9 0.09939403 9.9394E-05 0.2605059 0.0002605 0.7962835 0.000796 

10 0.1140246 0.00011402 0.1857585 0.0001858 4.0584099 0.004058 

11 0.4266525 0.00042665 0.1639926 0.000164 0.5431248 0.000543 

12 0.25868957 0.00025869 0.3241919 0.0003242 3.3478428 0.003348 

1.5 mg/l 

AgNPs 

13 0.31874324 0.00031874 0.736785 0.0007368 0.3224736 0.000322 

14 0.30667849 0.00030668 0.8816731 0.0008817 2.52406 0.002524 

15 50.1146937 0.05011469 0.2085 0.0002085 4.2975562 0.004298 

16 0.60264255 0.00060264 0.4560844 0.0004561 0.1509864 0.000151 

17 0.19119844 0.0001912 0.8233593 0.0008234 0.9973819 0.000997 

18 0.46351144 0.00046351 0.5658803 0.0005659 5.0162411 0.005016 

19 0.44042176 0.00044042 0.1735009 0.0001735 0.3235711 0.000324 

20 0.08647396 8.6474E-05 0.0838157 8.382E-05 1.105204 0.001105 

21 0.2341921 0.00023419 0.8601697 0.0008602 4.6806122 0.004681 

22 0.21803492 0.00021803 0.1466003 0.0001466 4.227055 0.004227 

23 0.29223528 0.00029224 4.5564406 0.0045564 26.825925 0.026826 

24 0.21612748 0.00021613 0.7463787 0.0007464 55.750256 0.05575 



74 

Condition Days 

Conc. Ppb 

In the first 

run 

Conc. mg/l 

In the first 

run 

Conc. Ppb 

In the 2nd 

run 

Conc. mg/l 

In the 

second run 

Conc. PPb 

in the 3rd 

run 

Conc. mg/l 

in the 

third run 

5 mg/l 

AgNPs 

25 0.1158077 0.00011581 0.6692125 0.0006692 56.870462 0.05687 

26 1.10241976 0.00110242 0.1462412 0.0001462 30.427108 0.030427 

27 0.31088675 0.00031089 0.4793468 0.0004793 98.021217 0.098021 

28 0.40493463 0.00040493 0.5875474 0.0005875 19.954414 0.019954 

29 0.235081 0.00023508 0.4728704 0.0004729 1.1744684 0.001174 

30 0.11647966 0.00011648 0.2722072 0.0002722 7.4757971 0.007476 

31 0.31612834 0.00031613 0.2547561 0.0002548 20.262389 0.020262 

32 0.44555308 0.00044555 1.1328027 0.0011328 57.212484 0.057212 

33 0.68233806 0.00068234 0.5454983 0.0005455 110.84461 0.110845 

34 1.27938705 0.00127939 1.5716609 0.0015717 219.81156 0.219812 

35 0.75131514 0.00075132 0.2427625 0.0002428 83.623443 0.083623 

36 0.8720005 0.000872 2.4831875 0.0024832 201.10585 0.201106 
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Table D.2: Concentration of silver in the sludge samples 

 Days 

Concentration 

of Ag in sludge  

(PPb) 

In the first run 

Concentration 

of Ag in sludge 

(mg/l) in the 

first run 

Concentration 

of Ag in sludge  

(mg/l) 

In the 2nd  run 

Concentration 

of Ag in sludge 

(mg/l) in the 

second  run 

0.5 mg/l 

AgNPs 

1 53.95345 0.42 59.83759 0.46 

2 63.85552 0.49 71.87525 0.47 

3 75.84516 0.58 79.40336 0.61 

4 110.7224 0.85 107.9522 0.83 

5 234.3731 1.80 251.9352 1.94 

6 296.4564 2.28 100.6955 0.78 

7 269.4897 2.08 120.3196 0.93 

8 242.1251 1.86 269.217 2.07 

9 313.2078 2.41 335.835 2.59 

10 145.5689 1.12 352.8042 2.72 

11 169.0588 1.30 189.5827 1.46 

12 169.4676 1.30 115.7526 0.89 

1.5 mg/l 

AgNPs 

13 506.4631 3.90 320.869 2.47 

14 419.7192 3.23 351.8698 2.71 

15 707.9595 5.45 337.6721 2.60 

16 673.8346 5.19 273.6011 2.11 

17 499.067 3.84 378.8526 2.92 

18 474.0286 3.65 3453.297 26.59 

19 1311.334 10.10 871.2579 6.71 

20 827.0942 6.37 1416.568 10.91 

21 1547.562 11.92 1229.088 9.46 

22 1522.189 11.72 5442.228 42.29 

23 6475.43 49.86 2409.875 18.56 

24 1001.476 7.71 1644.82 12.67 

5 mg/l 

AgNPs 

25 2406.915 18.53 2275.19 17.52 

26 1944.792 14.97 1534.839 11.82 

27 3373.77 25.98 3055.35 23.53 

28 3609.2 27.79 3647.127 28.08 

29 3797.148 29.24 5874.848 45.24 

30 5327.475 41.02 4230.228 32.57 

31 3845.911 29.61 3588.755 27.63 

32 3021.894 23.27 4131.941 31.82 

33 2569.378 19.78 1644.333 12.66 

34 3288.538 25.32 2069.607 15.94 

35 8482.532 65.32 2223.725 17.12 

36 4781.212 36.82 9014.857 69.41 
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 دمةأثر جزيئات الفضة النانوية على أداء عملية معالجة المياه العا مصير و

 إعداد: وئام نبيل مهداوي

 الملخص

( ق تخدم علي نطاا واسع  ش المنتمات االستهالكية ب بب خرائرها ال يزيائية AgNPsالم يمات النانوية ال ضية )

ع لهذه المنتمات،  إن الم يمات النانوية ال ضية يتم خروجها من ونظرا لالنتمار الواس ،والكيميائية والبيولوجية المحددة

إلي نظام الررف الرحش وقدخل  ش نهاية المطاف محطات  وبالتالش مختلف المنتمات المنزلية واألنمطة الرناعية

وبية التش لها قعتمد العمليات البيولوجية لمعالمة المياه الم تعملة علي الممتمعات الميكر، معالمة مياه الررف الرحش

و ش بعض الحاالت ال يمكن قحكي  أهداف المعالمة البيولوجية إال بوجود أنواع  ،دور مهم جدا  ش عمليات المعالمة

مما يؤثر سلبا علي األداء العام لعملية  البكتيرياقد قؤدي بعض المواد ال امة إلي قكليل نماط  ذلكومع  ،ميكروبية محددة

يتم قرنيف ال ضة  ش قركيز محدد كمواد بيئية خطرة ألنها سامة لبعض أنواع الكائنات  ،معالمة مياه الررف الرحش

 ش هذه الدراسة قم التحكي   ش خروج الم يمات النانوية ال ضية من المالبس التمارية )الموارب(  ش الماء بعد  ،الدقيكة

زالة المواد العضوية واألمونيوم والنيتروجين وآثار الم يمات النانوية ال ضية علي الممتمع الميكروبش وعلي إ ،الغ يل

وعالوة علي ذلك قم التحكي   ش مرير الم يمات النانوية ال ضية  ش محطة معالمة  ،الكلش من مياه الررف الرحش

وقمير النتائج التش قم الحرول عليها إلي أن ، مياه الررف الرحش وذلك باستخدام موجها بالح  البالزما الطي ش الكتلة

يزات ال ضة الكلية  ش ن يج الموارب كانت منخ ضة جدا، وبالتالش  إن النتائج قبين قركيزات  ش مياه الغ يل أيضا قرك

وأظهرت التمارب التش أجريت علي محطات معالمة  ،ميكروغرام / جورب 2.7إلي  0.2منخ ضة ، وكان يتراوح بين 

ملغم / لتر( كان التأثير قليل علي  0.5النانوية ال ضية ) ضا ة قركيزات المنخ ضة من الم يماتإمياه الررف أنه عند 

ملغم /  1.5بعد إضا ة قركيز  ،)٪(2.4إال أن النترجة انخ ضت بن بة قليلة  ،(CODو  BOD إزالة المادة العضوية )

ة وانخ ضت النترجة بن ب ،٪ علي التوالش2.4٪ و BOD  5.8و  CODزالة المواد العضوية الإالهبوط  ش  لتر كان

ملغم / لتر كان الهبوط  ش ك اءة إزالة المادة العضوية  ش نظام االختبار مكارنة بنظام التحكم،  5وعند التركيز   ،9.2٪

 ش  18.4وكان االنخ اض  ش النترقة  ،علي التوالش  BODو  COD٪ ل5.8٪ و 11.1 كد وصل التخ يض إلي 

واالمونيا بين نظام معالمة االختبار ونظام  COD, BOD أن االختالف  ش ك اءة  و ANOVAوأظهر قحليل  ،المائة

وأظهر االختبار أن ال را اعداد  ش البكتريا  ش نظام التحكم  ،(0.0001 اقل كم   Pقيمة معالمة ال يطرة كان معنويا )

 AgNPs وقمير النتائج التش قم الحرول عليها إلي انخ اض م تويات بكايا ،(P  =0.011ختبار معتبر )قيمة نظام االو

 بمكل قراكمت AgNPوهذا يعنش أن  ،المعالمة بالمكارنة مع قركيزات عالية ن بيا من ال ضة  ش الحمأةالمياه  ش 

إلي قأثيرات ال لبية علي أداء عملية معالمة AgNP ويؤدي قراكم  ، ش الحمأة أثناء عملية معالمة المياه العادمة شأساس

قد يكون لمزء كبير من  ،بكتيريا  ش نظام االختبار بالمكارنة مع نظام التحكمالمياه العادمة عن طري  قكليل أعداد ال

AgNP  كأسمدة، أو إذا كانت  قم استخدام الحمأةالتش قراكمت  ش الحمأة آثار سلبية علي التربة إذاAgNP رشح من تق

دبيات التش قمت مراجعتها،  إن حتي معر ة المحككين واستنادا إلي األ ،الن ايات إلي التربة أو المياه المو ية كباتم

 الدراسة الحالية هش األولي من نوعها التش أجريت  ش األردن.

المعالمة بالمكارنة مع قركيزات عالية ن بيا من ال ضة  ش   ش المياهأشارت النتائج إلي انخ اض م تويات بكايا ال ضة 

 ،الحمأة أثناء عملية معالمة مياه الررف الرحشوقمير النتائج إلي قراكم الم يمات النانوية ال ضية  ش  ،الحمأة

وخلص المزء المرق ع من الم يمات النانوية ال ضية التش قتراكم إلي الحمأة إلي أنه ال يتم اإل راج عن كمية كبيرة من 

 .الم يمات النانوية ال ضية إلي البيئة المائية  ش شكلها األصلش

طلب األوك مينش البيولوجش، األوك مينش البيولوجش، وكمية األمونيوم وأظهر قحليل أنو ا أن االختالف  ش ك اءة ال

وأظهر االختبار التائش أن ال را  ،(P <0.0001بين نظام معالمة االختبار ونظام معالمة ال يطرة كان معنويا )قيمة 

النتائج التش قم الحرول وقمير  ،(0.011 الو = -P ش البكتريا المتغايرية  ش أنظمة االختبار والتحكم كان معنويا )
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عليها إلي انخ اض م تويات بكايا أغنبس  ش الن ايات ال ائلة المعالمة بالمكارنة مع قركيزات عالية ن بيا من ال ضة  ش 

ويؤدي قراكم الغاز الطبيعش  ،وهذا يعنش أن أغنبس قراكمت أساسا  ش الحمأة أثناء عملية معالمة المياه العادمة ،الحمأة

التأثيرات ال لبية علي أداء عملية معالمة المياه العادمة عن طري  قكليل أعداد البكتيريا غير التغايرية  ش  الم ال إلي

قد يكون لمزء كبير من أغنبس التش قراكمت  ش الحمأة آثار سلبية علي التربة  ،نظام االختبار بالمكارنة مع نظام التحكم

حتي  ،انت أغنبس قرشح من مدا ن الن ايات إلي التربة أو المياه المو يةإذا كانت الحمأة الم تخدمة كأسمدة، أو إذا ك

معر ة المحككين واستنادا إلي األدبيات التش قمت مراجعتها،  إن الدراسة الحالية هش األولي من نوعها التش أجريت  ش 

 األردن.

 


