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Abstract 

 

The effect of average particle size (30 nm and 100 nm) and type (coated and uncoated) of 

ZnO nanoparticles (NPs) was studied on anaerobic digestion treatment process utilizing municipal 

wastewater sludge under mesophilic (35±2oC) and thermophilic (55±2oC) conditions. The effect 

was investigated in two stages with different digester feeding regime: (1) batch biochemical 

methane potential (BMP) assays, and (2) semi-continuously fed reactors.  

In the first stage with BMP assays, the inhibition of biogas (methane) producing cultures due 

to presence of ZnO NPs was investigated. A total number of 72, 160 mL serum bottles containing 

anaerobic inocula acclimatized to mixed sludge from Kelowna’s municipal wastewater treatment 

plant (WWTP) were operated for a period of about 90 days. Three different ZnO dosages were 

used leading to concentrations of 6 (low), 75 (medium) and 150 (high) mg NP/g mixed sludge total 

solids (TS).  

In the second stage, four mesophilic and four thermophilic semi-continuously fed digesters 

were set-up with an effective volume of 500 mL. The effect of NPs on the performance of 

biogas/methane production, organic solids removal, and biogas composition in terms of presence 

of odorous volatile sulfur compounds was assessed at the low dosing concentration. The eight 

digesters were operated during 60 days with a solid retention time of 20 days. 

The results showed that ZnO NPs do not inhibit methane forming bacteria at the lowest 

concentration regardless of their average particle size, but they are inhibitory at higher levels. 

Thermophilic bacteria were more sensitive to ZnO compared to mesophilic bacteria, as at elevated 

digester temperatures. Coated NPs created less inhibition than non-coated NPs, possibly due to 
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decreased purity (Zn) of the inhibitor per mass in coated NPs. Batch reactors dosed with medium 

and high concentrations of coated NPs partially recovered after 25 days of digestion. For the non-

coated ZnO NPs, only the mesophilic batch assays were able to recover at the medium 

concentration and the thermophilic reactors presented chronic inhibition and could not recover. As 

a beneficial outcome, coated ZnO NPs significantly reduced odour causing volatile sulfur 

compounds in digester headspace in comparison to the non-coated NPs by chemical precipitation.  
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Lay summary 

 

Nanoparticles (NPs) used in consumer products could be released to the environment and 

reach municipal wastewater treatment plants (WWTPs). Most of the NPs accumulate in the 

wastewater sludge that may create toxic effects to microorganisms that are biological engines in 

treatment processes such as anaerobic digestion. This study focused on potential inhibition effects 

caused by a common NP, ZnO, when dosed in anaerobic digesters. The inhibition was assessed in 

terms of biogas (methane) production and other factors included organic solids removal and odor 

causing compounds, which are a by-product of the process. The results showed that ZnO NPs can 

cause inhibition but at concentrations higher than what is observed/expected at WWTPs today. 

However, as a beneficial effect, even small dosages of ZnO NPs showed reduction in the trace 

compounds of biogas, such as hydrogen sulfide, which is responsible for the foul odor of rotten 

eggs. 
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Chapter 1: Introduction 

1.1. Background 

In the last decade, the scientific world has enhanced their knowledge in material sciences by 

working in smaller scales and opening up opportunities in the field of nanotechnology. 

Nanotechnology implies the use of nanoparticles (NPs) that refer in most definitions to be particles 

having one dimension less than 100 nm (PAS71 2005) or at least two of their dimensions between 

1 and 100 nm (ASTM 2006). However, NPs are not new in our society; for example, silver (Ag) 

and copper (Cu) NPs have been detected in Italian renaissance luster pottery dated from the 16th 

century (Borgia et al. 2002).  

Nevertheless, consumer products and industrial processes are using modified or engineered 

NPs to improve some characteristics. These NPs may possess health effects to biota when they are 

in the environment. A common pathway of NPs to reach natural sources is presented as a schematic 

diagram in Figure 1.1.  

 

Figure 1.1 Schematic diagram of NPs pathway in the environment when released from products 

containing them 
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First, it may start with the use of some products containing NPs that can make contact with 

water, such as cosmetics or textiles. The usual contact with water can be just through rainfall or 

washing that can release the NPs into the environment (Benn and Westerhoff 2008; Kaegi et al. 

2008). Thus, the released NPs may be discharged into the sewage collection system and can 

eventually reach to conventional municipal wastewater treatment plants (WWTPs). WWTPs have 

been designed without a complete awareness of the presence and removal efficiency target for 

these pollutants.  

Studying wastewater and sludge treatment processes with NPs removal focus requires 

awareness of the release of these pollutants into the environment. In this context, the impact of 

NPs on the performance and/or by-products of the different treatment processes is important to 

understand the capability of the treatment processes to resist or adapt to these changes from the 

incoming NPs concentrations. 

Within the different treatment processes used in WWTPs (i.e. physical, chemical and 

biological), biological treatment processes have shown the greatest interaction between NPs and 

biomass. Different studies have demonstrated a decrease in the WWTP effluent concentration of 

different NPs due to the accumulation in the biomass during secondary treatment (Kiser et al. 2009; 

Wang et al. 2012; Westerhoff et al. 2011). This biomass proceeds to sludge treatment where most 

of the NPs may end up in the dewatered sludge or “biosolids” commonly disposed in landfills or 

land applied as soil amendment depending on the concentration of pathogens and trace metals. 

Sludge stabilization is one of the required treatments that sludge must undergo before final 

disposal. The main goal of sludge stabilization is to reduce pathogens, odor and organics. 

Anaerobic digestion is one common process for sludge stabilization where NPs could end up and 

accumulate at higher concentrations. Different studies (Garcia et al. 2012, Luna-delRisco et al. 
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2011, Gonzalez-Estrella et al. 2015, Mu and Chen 2011, Mu et al. 2011, Yang et al. 2012) have 

examined the effects of different NPs in anaerobic digestion with a focus on mesophilic 

temperatures (30-38oC). However, only a few studies reporting on the effect of NPs in anaerobic 

digestion under thermophilic conditions (50-60oC) can be found (Abdelsalam et al. 2016). 

The effects of dosing NPs to the most common processes found in WWTPs has been studied 

in batch, semi-continuous flow and continuous flow reactors. The common procedure is to analyze 

a variety of NPs or focus on a particular NPs species with more in-depth analysis. However, the 

influence of different NPs properties, such as average particle diameter or coating, has not been 

explored in depth and warrants more studies. 

1.2. Objectives 

The main objective of this research is to evaluate the impact of ZnO NPs with different 

properties (i.e. average particle size and presence or absence of coating) on anaerobic digestion 

utilizing municipal sludge under mesophilic and thermophilic conditions. The specific objectives 

are as follows: 

 Evaluate the inhibition of ZnO NPs with three different concentrations, two different 

average particle sizes, and the presence of surface coating on the performance of 

mesophilic and thermophilic anaerobic digestion under batch feeding conditions, 

 Verify the ZnO NPs effects observed from the batch digestion under semi-continuous 

flow conditions, that simulate full-scale digestion more closely, at mesophilic and 

thermophilic  temperatures, 
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1.3. Thesis organization 

This thesis is divided into five chapters. In this first chapter, Chapter 1, the occurrence of 

NPs in the environment and wastewater treatment processes is summarized along with the 

proposed objectives for the study. In the next chapter, Chapter 2, the source, pathway and effect 

of NPs on wastewater and sludge treatment processes are reviewed. Moreover, a general summary 

of the typical wastewater and sludge treatment processes is presented with a special emphasis on 

anaerobic sludge digestion. In Chapter 3, the experimental configuration, materials, equipment and 

analytical assays used for this research are described. The results from the different research stages 

are presented and discussed in Chapter 4. Finally, the conclusions and recommendations for future 

research are summarized in Chapter 5. 
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Chapter 2: Literature Review 

The following sections in this chapter aim to review the stages that NPs will go through 

wastewater and sludge treatment processes in conventional WWTPs and its effects on those 

processes. A brief introduction to the significant properties and provenience of NPs is presented 

first regarding the comprehension of the effects in those processes. Furthermore, the components 

and principles involved in the different wastewater and sludge treatment processes is also revised 

with special focus on anaerobic digestion. 

2.1. Properties and detection methods of NPs relevant in wastewater 

An adequate characterization of NPs is essential to understand their behavior in any area of 

research. Properties such as mass concentration, size, surface charge, specific surface area (SSA), 

coatings and agglomeration provide useful information and comparative results for studies (Neale 

et al. 2013; Reidy et al. 2013). Information regarding the characterization is usually reported, but 

sometimes not all of these properties are fully presented. 

Sizing NPs requires certain beam wavelength and focus which can be obtained by different 

sources (i.e. electron, laser, X-ray and neutron) that apply three different techniques (Lu 2012). 

The first technique is microscopy that includes Scanning Electron Microscopy (SEM) and 

Transmission Electron Microscopy (TEM). SEM and TEM are used for visual characterization of 

biomass (Garcia et al. 2012; Kiser et al. 2009; Wang et al. 2012; Westerhoff et al. 2011). Dynamic 

light scattering (DLS) is the second and most suitable technique used to determine the size and 

size distribution of NPs in wastewater and sludge samples (Garcia et al. 2012; Kiser et al. 2009; 

Lombi et al. 2012; Mu et al. 2011; Yang et al. 2011). Its principle is based on the movement of the 

NPs through the medium (Lu 2012). X-ray diffraction (XRD) line broadening is the third technique 
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which is applied in nanocrystallite size measurement (Lu 2012). Each technique may be suitable 

for a different purpose and can report different sizes according to its measurement method. 

The coating present in NPs could be an important characteristic for their fate and removal in 

environmental systems. Experiments have shown different removal efficiencies when comparing 

coated and uncoated NPs. For example, Kiser et al. (2010) reported that uncoated Ag and titanium 

dioxide (TiO2) NPs might have higher removal efficiency than their coated counterparts. This may 

be attributed to the coatings that allow the NPs to be more physical stable in their nanosize 

preventing agglomeration. 

NPs can be held together by strong bonds which can form aggregates or by weak forces of 

van der Waals which can form agglomerates. Ultrasonication can be used to separate these 

agglomerates either by using probe or bath ultrasonication. However, depending on the media and 

type of NPs, using probe ultrasonication for a prolonged time has shown that even though 

agglomerates are separated, further interaction among particles can increase the hydrodynamic 

size (Jiang et al. 2009). Furthermore, NPs can be agglomerated back in the presence or absence of 

different media within time. For example, in a study by Wang et al. (2012), TiO2 NPs experienced 

a high agglomeration resulting in 70% removal efficiency in a sequencing batch reactor (SBR) in 

the absence of biomass while Ag NPs did not interact during the process. This result shows that 

TiO2 NPs may tend to aggregate into larger particles and can settle out during the treatment process 

even without the presence of biomass. 

2.2. Use of nanoparticles 

NPs are used in many different applications and eventually they are released into the 

environment. For example, Schmid et al. (2010) surveyed Swiss manufacturing industries and 
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found out that a few of them were using NPs within their processes, although it was at a low 

consumption rate. However, not many of them stated that their products contained NPs. 

Some of the environmental applications of NPs have also been reported in literature. Iron 

NPs have shown the capacity to degrade halogenated hydrocarbons and remove metallic pollutants 

(i.e. arsenic, lead and chromium) and inorganic contaminants (i.e. selenium and nitrates) (Li et al. 

2006). Therefore, they can be added directly to the contaminated media and kept dispersed as long 

as mixing is provided (Zhang 2003). Moreover, they can be used in combination with resins 

(Cumbal and SenGupta 2005) for removal of phosphates (Blaney et al. 2007). 

The employment of NPs in consumer products composition has been listed in Adawi et al. 

(2018), Contado (2015) and Project on Emerging Nanotechnologies (2013). A summary of their 

inventory of NPs usage along with findings from other journal articles is provided in Table 2.1. 

These studies confirm NPs’ presence, and/or their discharge to the sewage system. It is also 

remarkable that only a few studies have been conducted on this topic, which might be due to the 

cost and the lack of knowledge of the NPs presence in the products. 

The mass of NPs present in the products varies according to the type or the application. For 

example, Ag NPs have been detected in the range of 20 to 31241 μg per sock in five different 

brands of textiles (Benn and Westerhoff 2008). Benn et al. (2010) found that fabrics (especially 

for medical purposes) have shown the highest presence of Ag NPs as ug Ag per g of product when 

compared with other products like foam of a soft toy, small humidifier and personal care products.  
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Table 2.1 Use of nanoparticles based on Adawi et al. (2018), Contado (2015), Project on Emerging 

Nanotechnologies (2013) and journal articles 

Nanoparticles Product/Application References 

Ag Textile  

Plastics  

Cosmetics (soap, toothpaste) 

Cleaning products 

Paint 

Food containers 

Medicinal products 

(Benn and Westerhoff 

2008; Benn et al. 2010) 

(Kumar and Münstedt, 

2005) 

(Benn et al. 2010) 

Au Cosmetics (toothpaste)  

C Textile  

Cu Cosmetics (facial spray) 

Paint 

 

Si Textile 

Cosmetics 

 

Pt Cosmetics  

SiO2 Textile 

Cosmetics (toothpaste) 

Cleaning products 

Paint 

Food powders 

 

TiO2 Cement (size < 100nm) 

Sunscreen 

Paint  

Cosmetics (toothpaste, shampoo)  

Medicine  

Cleaning products 

Food (chocolate, pudding, mints, 

pasta, cheese) 

 

(Botta et al.2011) 

(Kaegi et al. 2008) 

 

(Kiser et al. 2009) 

(Serguei et al. 2011) 

 

ZnO Cement 

Sunscreen  

Textile 

Cosmetics (lip painting) 

Paint 

Food packages 

 

(Lombi et al. 2012) 
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2.3. Nanoparticle release into the environment 

Products containing NPs may encounter water at some point during their lifetime whether 

through washing or by rainfall. Even after their lifetime, they may end up in landfills where the 

possibility of interaction with water is not over due to the leachate found in those facilities (Benn 

et al. 2010). Industrial wastewater may also contain NPs listed in Table 2.1 at different 

concentrations; however, TiO2 NPs are the one with the greatest presence (Westerhoff et al. 2011). 

Ag NPs released during washing have been analyzed under lab conditions. For instance, Ag 

NPs contained in textiles are more likely to be released when washing with ultrapure water rather 

than tap water (Benn and Westerhoff 2008). Another study showed that plastics containing 

polyamide / silver composites released greater amounts of Ag+ when concentration and immersion 

time were higher (Kumar and Münstedt 2005). Medical clothes, which contained the highest 

amount of Ag among different products, released the highest value of 46 ug Ag per g of product 

after washing with water (Benn et al. 2010). 

In paint of facades, TiO2 NPs within a diameter range between 50 nm to more than 200 nm 

have been observed in buildings. TiO2 NPs are released into runoff water mostly with a diameter 

range of 20 to 300 nm for new or aged facades; and considering the urban area, half of the TiO2 is 

larger than 300 nm probably due to other sources. Therefore, TiO2 can easily reach to storm or 

sanitary sewers ending up in WWTPs or surface water (Kaegi et al. 2008). 

2.4. Wastewater and sludge treatment 

Wastewater requires treatment before it is discharged to rivers, lakes, oceans or reused for 

irrigation. Wastewater treatment is a combination of different unit operations or processes 

depending on its characterization (i.e. level of pollution). Wastewater generated from residential 

areas is usually treated in conventional municipal WWTPs. Conventional municipal WWTPs 
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consist of preliminary, primary, secondary, and tertiary or advanced treatment as shown in Figure 

2.1. Most of these treatments produce sludge (as a by-product) that requires additional treatment 

before its final disposal. 

 

Figure 2.1 Flowchart of typical unit operations and processes for municipal wastewater and sludge 

treatment 
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Preliminary treatment aims to remove any large materials, sand and grease that could 

negatively affect the operation or maintenance of the different processes and equipment involved 

in the treatment of wastewater. Preliminary treatment involves unit operations such as screening, 

grit removal and flow equalization. Screening is the first unit where most WWTPs segregate coarse 

materials from wastewater. Two types of screens used, as part of preliminary treatment, are coarse 

and fine screens (openings greater and smaller than 6 mm, respectively). 

In most of the cases, grit removal follows the screening treatment. Many types of systems 

for the removal of grit (e.g. sand, gravel, seeds, and eggshells) are available such as horizontal-

flow grit chambers, aerated grit chambers, vortex-type grit chambers and cyclone degritter.  

The goal of using equalization tank is to maintain a constant wastewater flowrate sent to 

primary and then to the biological reactors in secondary treatment. This would ensure an optimum 

treatment efficient and avoid inhibitory conditions to biomass that could be caused by constituents 

in wastewater characterization. Another advantage of an equalization unit is that it improves the 

performance of other processes like filtration or chemical treatment. 

2.4.1. Primary treatment 

In primary treatment, primary clarifiers allow the removal of a portion of suspended solids 

and organic matter. Primary clarifiers or primary sedimentation tanks have two typical designs, 

which are rectangular or circular. Primary treatment is mostly a physical treatment process, but 

chemical dosing is possible to enhance the settling of the suspended solids. From the primary 

clarifiers, the wastewater goes to the secondary treatment processes and the settled solids (under 

gravitational force in a turbulent free environment) are removed periodically. This solid byproduct 

is called primary sludge (PS) and requires further treatment as discussed in the following sections.  
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2.4.2. Secondary treatment 

Secondary treatment aims to remove dissolved biodegradable organic matter and suspended 

solids. In order to accomplish this goal, secondary treatment consists of physical, chemical and 

biological mechanisms occurring in different bioreactors or units. These bioreactors can be 

classified according to the way that the microorganisms are retained in the system and grow. The 

two categories are suspended growth and attached growth bioreactors. Figure 2.1 shows a typical 

secondary treatment configuration with an activated sludge process which falls into the suspended 

growth bioreactor category. For this scenario, the biological treatment consist of a well-mixed 

aeration tank (aerobic basin) and it is followed by a secondary sedimentation tank where the settled 

sludge is recycled to the aeration basin and the excess is removed for further treatment. The 

extracted sludge is called waste activated sludge (WAS) and needs to be treated as discussed in 

the next section. For industrial wastewater with much higher dissolved organics than municipal 

wastewater, high-rate bioreactor systems, such as up-flow anaerobic blanket reactors (UASB) or 

fixed film aerobic or anaerobic reactors can be used.  

2.4.3. Sludge treatment 

Sludge has to go through different treatment stages before it can be land applied as fertilizer 

or disposed in a landfill, which is no longer allowed for organic waste for most of the Provinces in 

Canada. For instance, preliminary unit operations such as screening, grinding, degritting and 

blending are necessary. Next, thickening is mostly used to reduce the volume of sludge especially 

from secondary sedimentation tanks. Then, sludge can be treated by one of the four different 

stabilization methods. These four processes are alkaline stabilization, anaerobic digestion, aerobic 

digestion and composting. The main purpose of stabilization is to decrease the presence of 

pathogens and odours in the sludge. The focus of this research is anaerobic digestion, and it is 
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discussed in more detail in the following subsection. Finally, dewatering (reduction of moisture) 

of sludge is achieved by centrifuge, belt-filter press, drying beds or lagoons. 

2.4.3.1. Anaerobic digestion 

Anaerobic digestion (AD) is a method used for waste stabilization where biodegradable 

organic matter and pathogen content are decreased in the absence of oxygen (US EPA 1979). The 

anaerobic processes consist of different biochemical reactions (Droste 1997). Three steps to 

classify these different biochemical reactions in AD is hydrolysis, acidogenesis and 

methanogenesis (Droste 1997; Metcalf and Eddy 2003). A more detailed model is shown in Figure 

2.2. The process starts with some portion of large molecules and suspended solids transformed 

into smaller, easily biodegradable substances and ends with the production of methane. These 

processes achieve the mass/volume reduction of organic solids in the sludge and it is one of the 

main advantages of AD (US EPA 1979). Biogas production is another outcome of the anaerobic 

process. The term biogas is used to describe methane (60-70%), carbon dioxide (30-40%), 

hydrogen, hydrogen sulfide and other gases in low amounts (Droste 1997; US EPA 1979). Biogas 

is a renewable energy source which can be used for generation of heat and/or electricity. The main 

energy source in biogas is methane. 
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Figure 2.2 Anaerobic process according to the Anaerobic Digestion Model (ADM) No. 1 (Adapted 

from IWA 2002) 
 

2.4.3.1.1. Principles and operating factors of anaerobic digesters 

Anaerobic digestion can be designed to operate under different conditions (i.e. low-rate 

digestion, high-rate digestion, anaerobic contact and separate digestion) (Metcalf and Eddy 2003; 

US EPA 1979). Low-rate digesters are larger and less efficient than the high-rate anaerobic 

digesters (US EPA 1979). Separate digesters treat primary and secondary sludges in different 

basins (Metcalf and Eddy 2003).  

Furthermore, anaerobic digesters can have different configurations which include single-

stage, two-stage and two-phase digesters (Metcalf and Eddy 2003). The first term implies the 

number of reactors present in the system to achieve different purposes (Droste 1997). The "stage" 

is used to describe whether a second reactor is added for biodegradation and the "phase" describes 

the application of different biochemical processes (i.e. acid or methane production) or temperature 

ranges (i.e. mesophilic around or thermophilic conditions) in the reactors (Taricska et al. 2007).  

MethanogenesisAcidogenesisHydrolysisDesintegration

Particulate matter

Carbohydrates Monosaccharide Acetic Acid Methane

Proteins Amino acids Hydrogen

Lipids
Long fatty chain 

acids

Inerts



 

15 

 

Environmental factors are important to understand the theory behind the design of anaerobic 

digesters (Droste 1997). Temperature, pH, alkalinity and inhibitory substances are discussed below 

in terms of their impact to AD. Usually these parameters are not specific to a specific type of 

digester and they might apply for the different conditions and configurations mentioned before. 

Mesophilic conditions (temperature between 30 and 40°C) are usually applied for the design 

of high-rate digesters which can be found in full-scale plants. However, thermophilic conditions 

(temperature between 50 and 60°C) can also be applied even though they are less common 

(Metcalf and Eddy 2003; Taricska et al. 2007; US EPA 1979; WEF 2007). During operation, the 

temperature should not vary more than 0.6°C to maintain the growth of methanogens (US EPA 

1979; WEF 2007). Thus, a good heating and insulated system for the reactor vessel is necessary. 

Sludge coming from the primary and secondary wastewater treatment processes to the 

anaerobic sludge digesters might not have neutral pH. A pH range between 6.5 and 7.5 could 

provide optimum conditions for AD, but it is not restricted to that limit (Droste 1997). The pH can 

be adjusted by the addition of different chemicals externally and calculation for the chemical 

dosages can be found elsewhere (US EPA 1979; WEF 2007). 

Inhibition of acid and methane forming bacteria can be an issue when high concentrations 

of toxic substances are present in the sludge. Ammonia, sulfate, light metal ions, heavy metals and 

organics can cause a collapse of the system when they reach certain levels (Droste 1997; US EPA 

1979). Chen et al. (2008) provided an extensive review of the different mechanisms and substances 

that could upset the AD process. However, it is noteworthy that under certain concentrations, some 

compounds can also provide positive impact on anaerobic digestion (US EPA 1979).  
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Different digestion operational factors are well described in a manual published by Water 

Environmental Federation (WEF 2007). These factors are related with the environmental aspects 

mentioned before. As mentioned earlier, during operation, pH can be controlled by the addition of 

chemicals that would increase the alkalinity (US EPA 1979). The pH control is linked to volatile 

fatty acids (VFAs) and alkalinity present in the digester (WEF 2007). The ratio between VFAs and 

alkalinity ratio is considered a good indicator for the working conditions in the anaerobic digester 

and is presented in Table 2.2. 

Table 2.2 Volatile fatty acids to alkalinity ratio (Adapted from WEF 2007) 

 

 

 

 

Sufficient solid retention time (SRT), as one of the important design criteria, is necessary to 

keep a balance between biomass growth and excess biomass withdrawal from the system (US EPA 

1979). SRT for a high-rate anaerobic digester can be as low as 12 days, but it is common to find 

STRs in the range between 15 and 20 days (WEF 2007). The Code of Federal Regulations (1999), 

that is the current U. S. regulation, establishes the necessary SRT for Class B biosolids for land 

application as fertilizer. For instance, a minimum SRT of 15 days should be considered when 

working with temperatures higher than 35°C (US EPA 2003). 

Loading factor or organic loading rate (OLR) is another important design/operation criterion 

and is based on the volatile solids coming to the digester. A typical range of OLR is 1.6 - 4.8 kg 

VSS/m3.d for a high-rate anaerobic digester under mesophilic conditions (Metcalf and Eddy 2003). 

Volatile fatty acids : Alkalinity 

mg/L : mg/L 

Condition 

0.1 - 0.2 Working well 

0.3 - 0.4 Upset condition 

> 0.8 Inhibition 
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Literature also provides tabulated information that relates the sludge concentration, and SRT with 

the volatile solids OLR for design purposes (Metcalf and Eddy 2003). 

2.5. Removal, fate and impact of nanoparticles on wastewater and sludge treatment 

2.5.1. Removal pathways for nanoparticles 

The removal pathway for NPs, under several circumstances, has shown to be adsorption 

(Benn and Westerhoff 2008; Kiser et al. 2009, 2010; Limbach et al. 2008; Mu et al. 2011). 

Therefore, higher NP removal may be obtained in higher concentration of biomass (Kiser et al. 

2010; Wang et al. 2012). 

Adsorption of TiO2 NPs has been tested in a batch adsorption system, showing the capacity 

of wastewater bacteria to accumulate TiO2 NPs with a removal up to 85% and a having a 

Freundlich coefficient (1/n) equal to 0.53 (Kiser et al. 2009). In another study, silicon dioxide 

(SiO2) NPs adsorption to the biomass also followed the Freundlich isotherm with 1/n = 1.1 (Kiser 

et al. 2010). The Freundlich isotherm models used to describe the adsorption may be suitable as 

the model considers heterogeneous surface (i.e. biomass surface). 

Park et al. (2013) analyzed the influence of contact time in activated sludge using de-ionized 

(DI) water for the removal of NPs. Batch adsorption tests indicated that the longer the exposure, 

the lower the NPs concentration in the effluent from the system. TiO2 NPs and SiO2 NPs 

concentration of 10 mg/L in DI water showed a removal efficiency up to 95% for a contact time 

of 1 h. Removal efficiencies of Ag NPs in DI water varied from 90% to 99% for concentrations of 

1 mg/L and 10 mg/l, respectively. 

TiO2, Ag and coated fullerene NPs removal efficiency was not affected by the increase of 

natural organic matter (NOM) or reduction in extracellular polymeric substances (EPS) for a low 
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biomass concentration up to 400 mg/L of total suspended solids (TSS) in batch reactors which 

simulated WWTP processes (Kiser et al. 2010). However, Park et al. (2013) found that EPS 

increased the removal efficiency of NPs at a higher biomass concentration of 3000 mg/L mixed 

liquid suspended solids (MLSS). As shown in Figure 2.3, EPS is important when NPs have higher 

physical stability (e.g. Ag NPs coated with citric acid) as it will affect the removal pathway and higher 

biomass is present in the treatment process. EPS matrix might help to entrap chemically stable NPs 

(Figure 2.3b) rather than only being adsorbed to the microorganism surface in the absence of EPS 

(Figure 2.3f). In addition, higher accumulation of NPs to the biomass has been evidenced when 

biomass dosage concentration increased in adsorption batch experiments (Kiser et al. 2010). 

 

Figure 2.3 TEM images of activated sludge exposed to NPs in the presence of EPS (a–d) and 

absence of EPS (e–h). Control (a and e), 10 mg L−1 Ag NPs (b and f), 10 mg L−1 TiO2 NPs (c and 

g), and 10 mg L−1 SiO2 NPs (d and h). Arrows indicate NPs (synthetic wastewater, 3000 mg L−1 

MLSS, 8 h, 100 rpm, 25C) (From Park et al. 2013, used with permission of the publisher Elsevier). 
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2.5.2. Fate of nanoparticles in wastewater and sludge treatment 

Once NPs are released into water, they travel through the sewage system and most likely 

arrive to a municipal WWTP. As described earlier in Section 2.4, conventional municipal WWTPs 

have primary and secondary wastewater treatment units from where waste sludge is taken for 

further processing for volume reduction, pathogen destruction in other biological (i.e. anaerobic 

digestion) or chemical treatment units before final disposal via landfilling, incineration or used as 

fertilizer. The following sections provide the pathway of NPs in the aforementioned treatment units 

in order to predict their effect on the receiving environmental system (e.g. lake, river, soil) upon 

their disposal.  

2.5.2.1. Primary treatment 

Primary sedimentation tanks has shown to be able to remove TiO2 with a low efficiency (i.e. 

47-60%) compared to secondary treatment (i.e. 84-92%); however, most of the removed portion 

is in a size range above 700 nm (Kiser et al. 2009). Common overflow rates used in these tanks do 

not allow the NPs to settle within the hydraulic retention times unless they are attached to larger 

substances (Westerhoff et al. 2011). 

As mentioned before, coatings in NPs are important as they may change its behavior in 

treatment systems. Jarvie et al. (2009) found that coated and uncoated SiO2 NPs were physically 

stable in ultrapure water, but a different respond was found in the presence of wastewater. 

Uncoated SiO2 NPs passed through the treatment processes as agglomeration was not induced by 

any wastewater component. On the other hand, coated SiO2 NPs were removed as a result of 

agglomeration with other components that occurred fast enough and enabled settling within a short 

time. 
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In the case of using real wastewater from a WWTP, simulated primary clarifier, running for 

15 d, achieved a removal efficiency of 6% and 10% at 1 mg/L of uncoated Ag NPs after 30 min 

of settling with 269 and 730 mg/L of SS in the influent, respectively (Hou et al. 2012). 

All the previous results indicate that NPs are mostly removed in posterior wastewater 

treatment processes. Prolonged retention times and higher biomass concentrations in WWTPs 

promote higher removals due to adsorption and those conditions are found in activated sludge 

processes or sludge treatment units as described in the following sections. 

2.5.2.2. Biological treatment 

Wastewater, most of the time, would go through a biological treatment due to the presence 

of biodegradable materials before it is discharged to surface waters As mentioned earlier, activated 

sludge treatment process is one of the most commonly used biological treatment processes applied 

in the wastewater stream.  

2.5.2.2.1. Activated sludge treatment 

NPs removal by activated sludge processes has been reported from lab-scale to full-scale 

WWTPs. In lab-scale systems operating as sequencing batch reactors (SBRs), Ag NPs removal 

efficiencies varied from 49% to 88% for biomass concentrations of 1.1 and 1.8 g TSS/L, 

respectively. Meanwhile, TiO2 NPs removal efficiency was 97% with biomass concentration of 

1.3 g TSS/L (Wang et al. 2012). An aeration tank in a model WWTP dosed with 100 ppm of 

cerium oxide NPs showed similar results. The effluent concentration of cerium oxide NPs after 

the secondary sedimentation tank was reported to be between 2 and 5 ppm with removal 

efficiencies of 95-98% (Limbach et al. 2008). 
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Wastewater samples taken from different stages of a WWTP show that the highest TiO2 NPs 

removal occurs in the activated sludge system. One of the reasons seems to be the prolonged 

contact time between the biomass and the TiO2 NPs helping the biomass to adsorb more quantities 

of NPs (Kiser et al. 2009). TiO2 NPs also tend to aggregate into larger particles even without the 

presence of biomass (Wang et al. 2012). Therefore, high concentrations of TiO2 NPs in the 

secondary sludge were found (Kiser et al. 2009).  

Hence, in a WWTP, the removal of NPs comes from the removal of the biomass by 

secondary sedimentation or filtration processes; and, in different full-scale WWTPs, filtration has 

been found to accomplish a better performance (Westerhoff et al. 2011). Kiser et al. (2009) 

reported removal efficiencies for a full-scale and an experimental bench-scale SBR, around 69% 

and 88%, respectively. Bench-scale testing can be a good approach as it provides a controlled 

environment to assess impact of different variables (i.e. NPs type, size, concentration) on 

biological treatment performance. Nevertheless, bench-scale reactors should be operated for a 

prolonged period in order to simulate the real WWTP operation as close as possible (Wang et al. 

2012). 

2.5.2.2.2. Anaerobic treatment for wastewater treatment 

As one of the most popular anaerobic reactors for industrial wastewater treatment, UASB 

reactors with an hydraulic retention time (HRT) of 12 d have shown to provide a 62% and 82% 

removal efficiency of ZnO NPs when they were dosed with synthetic wastewater with 

concentrations of 0.32 and 34.5 mg Zn/L, respectively (Otero-Gonzalez et al. 2014). In the same 

study, the removal of VFAs, a representative of organics removal performance leading to biogas 

conversation, varied depending on the VFA species. Butyric acid has showed to be more likely 

removed in UASB when compared to acetic and propionic acid. Even when a total inhibition was 
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observed at the highest ZnO NPs concentration (34.5 mg Zn/L) in the influent, butyric acid was 

removed up to 50%. 

2.5.2.3. Anaerobic digestion for sludge treatment 

In a batch anaerobic digester, Ag NPs were highly removed by sorption into the biomass 

showing a remaining concentration less than the 10% of the influent within a few hours (Yang et 

al. 2012). Under a realistic scenario of the presence of Ag with a concentration of 50 mg/kg in the 

sludge entering the anaerobic digester, the removal efficiency was 85% regardless of the 

conditions of NPs coatings or size (Lombi et al. 2013). In an anaerobic digester fed with sewage 

sludge with ZnO NPs concentration of 1 mg/g, most of the ZnO NPs were retained by 85-90% in 

the sludge (Lombi et al. 2012). Furthermore, the literature indicates that the sludge leaving the 

anaerobic digester may no longer contain Ag and ZnO in the form of NPs. Instead, speciation tests 

have revealed that Ag can be found as Ag2S (Lombi et al. 2013, Ma et al. 2014) and Zn can be 

found as ZnS, Zn-Fe oxy/hydroxides and Zn3(PO4) (Ma et al. 2014). 

2.5.3. Impact of nanoparticles on wastewater and sludge treatment  

NPs are most likely to interact with biomass present in secondary treatment systems (i.e. 

activated sludge, SBRs) used for biological wastewater treatment or anaerobic digestion reactors 

used for biological sludge treatment. Furthermore, most of the NPs are accumulated in the sludge 

and high concentrations are expected when dealing with sludge treatment processes. Therefore, 

microbial activity in biological treatment processes may be affected if NPs have toxic effects and 

the performance can vary according to the presence of different kinds of NPs. In the following 

sections, the effects of the presence of NPs on secondary treatment and anaerobic digestion 

processes are discussed in terms of their influence on the performance/stability of those systems. 
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2.5.3.1. Impact of nanoparticles on secondary treatment 

Chemical oxygen demand (COD) and TSS removals in SBRs have not been affected 

significantly by the addition of Ag, TiO2 and fullerene NPs at concentrations between 0.5 and 2.5 

mg/L; despite the fact that for the first operational cycles, Ag and fullerol NPs presented different 

results for the effluent TSS and COD concentrations, respectively. These behaviors may suggest 

that the microbial community has the potential to acclimatize to incoming NPs at these 

concentrations (Wang et al. 2012). In another study, COD removal efficiency has not been affected 

by the addition of 5 mg/L of ZnO NPs to SBRs (Hou et al. 2013). 

The nitrogen removal efficiency can vary from positive to negative according to the NP type, 

concentrations, and retention times in SBRs. Ni et al. (2013) found that at a concentration of 10 

mg/L, magnetic NPs did not influence the total nitrogen removal efficiency significantly in a short 

term (7 days). However, higher concentrations showed a decrease of the total nitrogen removal 

efficiency (e.g. 4% reduction at 50 mg/L NPs). Interestingly, at the end of the long term test (60 

days), the total nitrogen removal efficiency differed from 80.3% to 94.4% between the control and 

the reactor dosed with 50 mg/L magnetic NPs (Ni et al. 2013). 

In another study, for Ag NPs, ammonia removal was negatively affected in the first cycle of 

a SBR; meanwhile, no significant changes were found in a longer period of 15 days (Hou et al. 

2012). On the other hand, Zheng et al. (2011b) found that concentration of TiO2 NPs at 50 mg/L 

reduced the total nitrogen efficiency from 80.3% (without NPs) to 24.4% in SBRs with anaerobic 

and low dissolved oxygen (DO) stages in a long term period (70 days). Variation in the nitrogen 

removal was observed until day 16 and only during the low DO stages of SBRs. Hou et al. (2013) 

and Zheng et al. (2011a) found that ammonia removal efficiency of SBR may be able to recover 

from inhibition for ZnO NPs concentration of 1 mg/L. Nevertheless, higher concentrations can 
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cause inhibition on the biomass and the ammonia removal can be less efficient (Hou et al. 2013; 

Zheng et al. 2011a). When conventional nitrogen removal is present at high DO levels (7.2 mg/L), 

the inhibition seems to be predominant in the nitrification stage rather than in the denitrification 

(Hou et al. 2013). However, under anaerobic and low DO conditions (DO concentrations between 

0.15 and 0.50 mg/L), denitrifiers can not achieve the same nitrate removal (Zheng et al. 2011a) 

resulting in a lower nitrogen removal efficiency. 

In addition to nitrogen removal, SBRs with anaerobic and low DO stages showed that 

phosphorus removal efficiencies may not be affected by TiO2 NPs (Zheng et al. 2011b), but it may 

be reduced in the presence of ZnO NPs with a concentration higher than 10 mg/L (Zheng et al. 

2011a). 

In order to understand the aforementioned effects on biological nutrient (i.e. nitrogen and 

phosphorus) removal, studies have been also performed on biomass responsible for treatment. 

Ammonia-oxidizing, nitrite-oxidizing and heterotrophic bacteria activities did not present negative 

effects at concentrations of 50 mg/L magnetic NPs in long term tests (Ni et al. 2013). However, in 

a SBR fed with 50 mg/L of TiO2 NPs, ammonia oxidizing and nitrite oxidizing bacteria presence 

declined from 8% and 6% to 1% and 3% of the total biomass, respectively. This decline in 

Nitrosomonas sp. (ammonia oxidizing bacteria) due to the presence of 50 mg/L TiO2 NPs may 

explain the reduction in the nitrogen removal efficiency observed in other studies as well (Zheng 

et al. 2011b). 

There were other observations in SBR systems exposed to NPs. Secretion of EPS was 

increased and sludge volume index was decreased due to the adsorption of magnetic NPs to 

biomass at concentration of 50 mg/L (Ni et al. 2013), indicating faster settling profile. 
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Besides SBR systems, membrane bioreactors (MBRs) were also assessed in terms of their 

performance variation when exposed to NPs. Pollutant removal performances (carbonization, 

nitrification, denitrification and phosphorus) in MBRs were reported to not being affected by 

dosages up to 10 mg ZnO NPs/g SS during the 6 month period of the experiment (Wang et al. 

2014). Wang et al. (2014) suggested that microorganisms in batch experiments tend to be shocked 

and inhibited by high dosages, instead a gradual increment in the ZnO NPs could be tolerated as it 

is the case for the MBRs operating with an SRT of 100 days.  

Zhou et al. (2014) studied the effect of the presence of 50 mg/L of TiO2 NPs in a submerged 

MBR and found that fouling was delayed by hindering the initial cake layer formation. TiO2 NPs 

may be readily deposited into the initial cake layer causing a postponement of the deposition of 

other inorganic foulants compounds such as SiO2. Wang et al. (2014) also found that the total 

resistance in an MBR is decreased as the external fouling resistance is reduced even though the 

pore blocking resistance is increased. 

For low concentrations of 0.32 mg Zn/L in UASB, the acetoclastic methanogens were 

partially inhibited meanwhile hydrogenophilic methanogens were not affected when compared 

with the control. Otero-Gonzalez et al. (2014) suggested that the long term inhibition found in the 

study was due to high accumulation in the biosolids with an SRT higher than 160 days. This caused 

a decrease in the methane production for the low concentration close to the end of the experiments. 

At high concentration of 34.5 mg Zn/L, the reactor stopped producing biogas after a period of 7 

days. The half-maximal inhibitory concentration (IC50) for acetoclastic and hydrogenotrophic 

methanogenesis was reported as 12.2 and 229 mg Zn/L respectively based on the normalized 

methanogenic activity (NMA). The NMA is based on the maximum specific methanogenetic 

activity ratio between the NP dosed reactor and the control. This is contradictory to the results 
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from MBRs where accumulation was possible, but studies with low concentrations did not produce 

any negative impact (Wang et al. 2014; Zhou et al. 2014) 

2.5.3.2. Impact of nanoparticles on anaerobic sludge digestion 

Ag NPs have been studied at concentrations lower than 40 mg/L and showed that the 

methane production volume from anaerobic mesophilic or thermophilic digesters was not 

significantly affected. This was attributed to the low release of Ag ions in the digesters (Yang et 

al. 2012). 

In another study, CeO2, TiO2, Au and Ag NPs with a concentration of 640, 1120, 100 and 

170 mg/L respectively were tested under mesophilic and thermophilic sludge digester conditions. 

CeO2, TiO2, Au and Ag NPs were prepared from different compounds at average diameter size of 

12, 7.5, 20 and 30 nm, respectively. The biogas production did not change significantly in the 

presence of Au and Ag NPs; however, a 10% increase was detected in the presence of TiO2 NPs 

and a negative impact in the presence of CeO2 (Garcia et al. 2012). 

The effects of anatase TiO2, Al2O3 and SiO2 NPs (average particle size of 185, 130 and 110 

nm, respectively) on the production of methane gas and the different stages of mesophilic 

anaerobic digestion have shown that concentrations below 150 mg/g-TSS had an insignificant 

impact. However, ZnO NPs (average particle size of 140 nm) with concentrations above 3 mg/g-

TSS could produce a substantial decrease in the production of methane gas when the fermentation 

time increases (Mu et al. 2011). Furthermore, at concentration of 150 mg ZnO NPs/g-TSS, there 

is a lower performance in the hydrolysis, acidogenesis and methanogenesis stage (Mu et al. 2011). 

Mu and Chen (2011) measured the methane production in a semi-continuous flow mesophilic 

anaerobic digester with an SRT of 20 d, operated for a period of 105 days. They found that the 

methane production was reduced by 18.3% and 75.1% from the control in the presence of 30 and 
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150 mg ZnO NPs/g-TSS (feed), respectively. A high part of the inhibition is usually attributed to 

the release of Zn2+ from the ZnO NPs. The effect from Zn2+ released from the ZnO NPs was also 

studied and the reduction due to Zn2+ was exhibited to be 9.4% and 63.8% for the equivalent of 30 

and 150 mg ZnO NPs/g-TSS (feed) dosage when compared to the control, respectively. This would 

indicate that at higher ZnO NPs dosages, the inhibition is mainly caused by the release of Zn2 

rather than the NPs. 

From the different stages of anaerobic digestion which includes hydrolysis, acidification and 

methanogenesis; hydrolysis at high ZnO NPs concentration was slightly affected, but 

methanogenesis had the main inhibition effect (Mu and Chen 2011). Therefore more studies have 

been performed so far to understand the impact of NPs on the methanogens. 

A comprehensive study on NPs including Ag, Al2O3, CeO2, Cu, CuO, Fe, Fe2O3, Mn2O3, 

SiO2, TiO2, and ZnO has tested the toxicity on acetoclastic and hydrogenotrophic methanogens at 

concentrations of 1500 mg/L. After a first dose of 1500 mg/L of Mn2O3 NPs, a reduction up to 

52.4% in the NMA was obtained for the acetoclastic activity; however, after the application of a 

second dose at the similar concentration, the NMA went back to 94% showing adaptability of the 

biomass. The results confirmed the previous studies about inhibition resistance for all the 

mentioned NPs except for Cu, ZnO and CuO which affect the bacterial activity chronically under 

anaerobic conditions (Gonzalez-Estrella et al. 2013). A batch anaerobic reactor fed with cattle 

manure showed that half-maximal inhibitory concentration (IC50) of methane production was 57.3 

mg Zn/L and 30.2 mg Cu/L for ZnO and CuO NPs, respectively (Luna-delRisco et al. 2011). 

The presence of sulfate in the digester feed has shown to help reducing the inhibitory effect 

of NPs on acetoclastic methanogens when compared to a sulfate-free feed for concentrations no 

greater than 0.6 mM ZnO NPs (Gonzalez-Estrella et al. 2015). Also, ZnO NPs and ZnCl2 have 
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similar effect on the acetoclastic methanogenic activity regardless the presence of sulfates. The 

presence of sulfates has shown to decrease the amount of soluble Zn (Zn2+) due to the generation 

of biogenic sulfide in anaerobic digesters. Free soluble Zn has been shown to be higher in the 

presence of ZnO NPs than ZnCl2 when added in concentrations greater than 0.1 mM. 

2.6. Summary 

This chapter presented a review of the research involving the fate and effects of NPs in the 

environment. From a chronological point of view, the first studies detecting the release of NPs 

from daily use products started about a decade ago. Then, studies has been focusing in the removal 

efficiency of different wastewater and sludge treatment processes from lab scale to real WWTPs. 

Moreover, some of these common NPs (e.g TiO2, ZnO, Ag) have shown impact in the performance 

parameters for some biological treatment processes. Studies that involved spiking different NPs to 

these systems usually exhibited some negative effects; however, most of the processes 

demonstrated to recover after a long period at lower concentrations 

One of the last processes of WWTPs is sludge treatment; consequently, higher 

concentrations of NPs is expected to arrive to this system. Therefore, this study aims to examine 

the effects three different factors (concentration, average size and coatings) of of ZnO NPs during 

mesophilic and thermophilic anaerobic digestion of municipal waste sludge. 
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Chapter 3: Materials and methods 

3.1. Substrate and inocula 

Sludge was collected from a municipal WWTP located in Kelowna (British Columbia, 

Canada). Fermented primary sludge (FPS) was taken from a primary sedimentation tank based on 

gravity sedimentation. Thickened waste activated sludge (TWAS) came from dissolved air 

flotation clarifiers that follow after a biological nutrient removal process consisting of anaerobic, 

anoxic and aerobic zones. At the Kelowna WWTP, FPS and TWAS are usually mixed in a ratio 

of 33:67% (v/v) with a typical 4.5% of total solid (TS) concentration before being centrifuged for 

final disposal.  

At the Kelowna WWTP, anaerobic digestion is not being implemented. Therefore, anaerobic 

inocula to start the bench-scale anaerobic digester testing for this study had to be obtained from 

other locations. Thermophilic anaerobic inoculum (temperature of 55 ± 2°C) was obtained from 

Annacis Island WWTP located in Vancouver (British Columbia, Canada). The digesters at 

Annacis Island WWTP have been operating around SRT of 20 days. Mesophilic anaerobic 

inoculum (temperature of 35 ± 2°C) was obtained from an automated 7-L fermenter being operated 

at UBC’s Bioreactor Technology Group for more than two years.  

Prior to setting up bench-scale digesters for NP impact testing, anaerobic inocula needed to 

be acclimated to sludge from Kelowna’s WWTP. Inocula acclimation was set up in two (one 

mesophilic, one thermophilic) semi-continuously fed anaerobic digesters with 1.2 L of effective 

volume. The semi-continuous flow digesters were fed once day for 7 days a week. Both 

acclimation digesters were fed with the mixed sludge, at PS:WAS volumetric ratios used at the 

Kelowna’s WWTP, with a 20 days SRT and OLR based on volatile solids (VS) of 1.66 ± 0.5 g 

VS/L/d for a period of at least 80 days.  
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3.2. Nanoparticles and dispersant 

Three different ZnO NPs were obtained as dry powder. Two different types of ZnO NPs 

were purchased from SkySpring Nanomaterials (Houston, TX, USA) with median diameter (D50) 

of 10-30 nm uncoated (surface specific area of 30-50 m2/g) and treated (coated) with silane 

coupling agents (surface specific area > 60 m2/g). The third ZnO NP was purchased from Sigma 

Aldrich (St. Louis, MO, USA) with an average particle size less than 100 nm (SSA 15-25 m2/g). 

ZnO NPs solution with concentration of 10-20 g/L was prepared by using Type 1 water containing 

0.1 mM sodium dodecylbenzene sulfonate (SDBS) (Sigma Aldrich) as a dispersant. Type 1 water 

is research grade water treated by softening, reverse osmosis and ultraviolet disinfection processes 

at UBC’s Bioreactor Technology Group. The solution was sonicated using Fisher ultrasonic 

dismembrator model 500 for a period of 1 h and it was dosed to the anaerobic digesters once a day 

within an hour of preparation. 

The zeta potential of the NPs solution containing the dispersant was measured using a 

Zetasizer Nano ZS (Malvern Instruments Ltd.).  The zeta potential is determined by measuring the 

velocity at which particles moves when an electric field is applied. The technique used by the 

instrument is phase analysis light scattering. A sample from each NP solution was added to a 

disposable capillary cell (Malvern model DTS1070). Then, the cell was placed in the Zetasizer 

Nano ZS for 1 min in order to let the temperature of the sample to reach 25ºC. The NPs zeta 

potential for each sample was determined for at least 10 times. 

3.3. Experimental plan for anaerobic digestion inhibition studies 

3.3.1. Biochemical methane potential (BMP) assays 

BMP assays were stablished by Owen et al. (1979) as a low cost and quick way to determine 

biodegradability potential and levels of toxicity in terms of methane production from a sample. 
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The potential inhibition due to ZnO NPs added to the Kelowna waste sludge was tested in 72 batch 

160 mL (total volume) serum bottles (BMP assays) containing inocula acclimatized to mixed 

sludge from Kelowna’s WWTP (33% FPS + 67% TWAS) with a food (waste sludge) to 

microorganism (anaerobic inoculum) ratio of 2 g VS/g VS. The effective (liquid) volume in each 

serum bottle was 85 mL.  

A total of 12 BMP combinations (displayed in Figure 3.1) with each combination studied in 

triplicates yielded a total number of 36 assays operated under mesophilic (35 ± 2 oC) and another 

36 assays operated under thermophilic (55 ± 2 oC) digestion conditions.  

 

Figure 3.1 BMP assay configuration 

 

BMP assays: 
Mesophilic (M) and 

Thermophilic (T)

Without NPs

1.Control

2.Dispersant

3.Blank

ZnO NPs 
Non coated (NC)
Size 30 nm (S30)

4.Concentration 
6mgNP/gTS 
NC(S30/C6)

5.Concentration 
75mgNP/gTS 
NC(S30/C75)

6.Concentration 
150mgNP/gTS 
NC(S30/C150)

ZnO NPs 
Coated (C)

Size 30 nm (S30)

7.Concentration 
6mgNP/gTS
C(S30/C6)

8.Concentration 
75mgNP/gTS 
C(S30/C75)

9.Concentration 
150mgNP/gTS 
C(S30/C150)

ZnO NPs 
Non coated (NC)

Size 100 nm (S100)

10.Concentration 
6mgNP/gTS 

NC(S100/C6)

11.Concentration 
75mgNP/gTS 
NC(S100/C75)

12.Concentration 
150mgNP/gTS 

NC(S100/C150)
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In terms of NPs added to sludge, two different ZnO NPs with 30 and 100 nm average 

diameter sizes (i.e. S30 and S100) and coated (C) or non-coated (NC) options available for S30, 

yielded a total of three combinations; NC(S30), NC(S100) and C(S30). Each combination of ZnO 

NPs were dosed to BMP assays at three different dosages to achieve concentrations of 6 (low), 75 

(medium) and 150 (high) mg NP/g feed TS (i.e. C6, C75 and C150). Among 12 combinations, 9 

of them included mixed sludge, anaerobic inoculum and NPs at different type/concentration levels. 

The “Control” bottles (Figure 3.1) set-up with mixed Kelowna sludge were not dosed with any 

NPs and Type 1 water was used instead to achieve the same effective volume as the rest of the 

bottles. Another combination, named “Dispersant” (Figure 3.1), was used same as control but 

instead of using Type 1 water, 0.1 mM SDBS was added to mixed sludge to assess if any inhibition 

would come from the dispersant used to prepare NPs. Also, “Blank” bottles were used containing 

anaerobic inocula and Type 1 water (no mixed sludge) to quantify biogas produced from inocula 

only. At the end of the assays, the biogas production from Blank bottles were subtracted from other 

bottles containing biogas production from the mixture of mixed sludge and inoculum to obtain 

biogas production from mixed sludge only.  

Additionally, external alkalinity was added to each BMP bottle in the form of sodium 

bicarbonate (99.7% purity) and potassium bicarbonate (99.7% purity) up to a total concentration 

of 4000 mg/L in order to avoid accumulation of VFAs (inhibitory to methane forming bacteria) as 

a result of a potential pH drop (Droste 1996). Once all the materials were added to the BMP bottles, 

N2 was used to purge any oxygen left in the mixture and headspace for about 5 min to provide 

anaerobic environment. Immediately after N2 purging, the BMP bottles were sealed with rubber 

stoppers and aluminum crimp caps using a vial crimper. Additionally, the stoppers were punctured 

with a needle to release extra pressure from N2 purging. Finally, the BMP bottles were placed in 
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thermophilic and mesophilic shakers operated at 90 rpm to supply ideal temperature and mixing. 

BMP bottles were monitored until they stopped producing biogas. Figure 3.2 displays the serum 

bottles used for BMP assays before and after the set-up.  

 

Figure 3.2 BMP bottles before and after the set up (72 bottles in total) 

 

3.3.2. Semi-continuous flow anaerobic sludge digesters 

After BMP assays were completed and analyzed, four mesophilic and four thermophilic 

semi-continuous flow lab-scale anaerobic digesters were set up to study the effect of NPs at low 

concentrations following the combinations shown in Figure 3.3. These combinations were selected 

based on the results from the BMP assays, as discussed in detail in the Results and Discussion 

section. Semi-continuous flow digestion simulates full-scale anaerobic sludge digestion more 

accurately compared to the BMP assays set-up in batch mode. Therefore, they are highly valuable 

to verify the effects seen in BMP assays in environmental engineering field.  
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Figure 3.3 Semi-continuous flow anaerobic digester configurations 
 

The anaerobic digesters were set up in 1 L glass Erlenmeyer flasks by adding 450 mL of 

acclimated inocula to NPs and 50 mL of mixed sludge feed to achieve a typical sludge digester 

SRT of 20 d. The organic loading rate of the semi-continuous flow digesters was 1.5 gVS/L/d. The 

feed was prepared daily for each digester (i.e. control, NC(S30), C(S30), NC(S100)) by adding 

FPS and TWAS at a 33 to 67% by weight. The different feeds were spiked with ZnO NPs solution, 

prepared as described before, to achieve 6 mg NP/g feed TS for the reactors with NPs (Figure 3.3). 

Similar to BMP assays, for the “Control” digesters, reactors included mixed sludge and Type 1 

water, instead of NPs to achieve the same volume as the rest of the vessels. All eight digesters 

were purged with N2 gas to remove residual oxygen in the liquid/headspace during the set-up to 

Mesophilic (M)

Without NPs

Control

With NPs

Non-Coated (NC)
Size 30 nm (S30)

Coated (C)
Size 30 nm (S30)

Non-Coated (NC)
Size 100 nm 

(S100)

Thermophilic (T)

Without NPs

Control

With NPs

Non-Coated (NC)
Size 30 nm (S30))

Coated (C)
Size 30 nm (S30)

Non-Coated (NC)
Size 100 nm 

(S100)
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provide anaerobic conditions. The flasks were sealed from both openings by using rubber stoppers 

and clamped tubes. The rubber stoppers had two holes with glass tubes used for two different 

purposes (i.e. taking effluent sample out and collecting biogas using 2-L Teddlar® bags). The 

other flask opening was used to feed the digesters. All digesters were kept in the shakers at 90 rpm 

under mesophilic (35oC) and thermophilic temperatures (55oC) and were monitored for a total 

duration of 60 days. Figure 3.4 displays one of the eight semi-continuous flow vessels used. 

 

 

Figure 3.4 Lab-scale semi-continuous flow anaerobic digester (8 digesters in total) 
 

3.4. Analytical methods for sample characterization and digester monitoring 

3.4.1. Biogas measurement 

For BMP bottles, the stoppers were punctured with a syringe connected to a manometer to 

quantify biogas volume accumulated in the bottle headspace between two measurements. For the 

semi-continuous flow digesters, the Teddlar® bags were emptied every day into a different 

manometer as it required the use of a pump to transfer the higher volume of biogas generated daily. 
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The readings were obtained as a displacement of a column of water that was used in a calibration 

curve based on known volumes of gas. Then, the biogas volume was converted to standard pressure 

and temperature (STP) of 101.3 kPa (1 atm) and 0°C, respectively. The conversion to STP was 

done as a normal practice in the field to compare results at different temperature and pressure 

conditions. 

3.4.2. Biogas composition 

Biogas composition was determined by quantifying the percent of methane, carbon dioxide, 

oxygen and nitrogen in digester headspace samples using a gas chromatograph (GC) that was 

calibrated according to the method developed by van Huyssteen (1967). The equipment used was 

an Agilent 7820 GC with a packed column (Agilent G3591-8003/80002) and a thermal 

conductivity detector (TCD). The biogas was sampled for composition analysis by puncturing 

(with a syringe) either the stoppers of the serum bottles for the BMP test or the gas line connected 

to the Teddlar® bags for the semi-continuous digester testing. From the syringe, 0.5 mL of biogas 

was injected to the GC that used helium as a gas carrier at flowrate of 25 mL/min.  

3.4.3. Volatile sulfur compound 

Eight different odour causing volatile sulfur compounds (VSCs) in biogas were measured 

using another GC (Agilent 7820) with 40 meter J&W G3903-63002 DB-column and an Agilent 

355 sulfur chemiluminescence detector (SCD). The instrument uses helium as a carrier gas at a 

flow ate of 5 mL/min. The VSCs analyzed included hydrogen sulphide, methyl mercaptan, ethyl 

mercaptan, carbon disulphide, dimethyl sulphide, ethyl methyl sulfide, 1- propanethiol, and 

dimethyl disulphide. Using a 100 mL syringe, 60 mL of biogas was extracted from the Teddlar® 

bags attached to semi-continuous flow digesters and 30 mL was injected to GC-SCD through a 1 

mL sulfur loop.  
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3.4.4. Total solids (TS) and volatile solids (VS) 

Total solids (TS) and VS were measured in feed and effluent sludge streams of the semi-

continuous flow digesters every week following Standard Methods 2540 B and 2540 E (APHA 

2005) respectively. For BMP assays, TS and VS were measured in the beginning of the assay for 

sludge and inoculum separately and at end of the assay for the remaining sludge containing 

inoculum in serum bottles. For preparation, crucibles were taken after being acid cleaned and fired 

at 550°C in a muffle furnace and the weight was obtained by using an analytical balance. Well 

mixed sludge samples were poured into crucibles that were weighed before being put in a drying  

oven at 98 ± 2°C to allow for water vaporization. After an hour, the temperature was raised to 105 

± 2°C and samples were left in the oven overnight. Next day, samples were transferred to a 

desiccator to reach room temperature. Then, the crucibles weight was measured to obtain the mass 

of the dry sample and transferred to the furnace operating at 550°C again for an hour. Finally, the 

crucibles were cooled down and the final weight was measured. TS and VS were calculated using 

the following equations, respectively: 

𝑇𝑆(%, 𝑔/𝑔) =
𝑊𝑒𝑡 𝑚𝑎𝑠𝑠 (𝑔)−𝑑𝑟𝑦 𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 105℃ (𝑔)

𝑊𝑒𝑡 𝑚𝑎𝑠𝑠 (𝑔)
∗ 100    eq (1) 

𝑉𝑆(%, 𝑔/𝑔) =
𝐷𝑟𝑦 𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 105℃(𝑔)−𝑏𝑢𝑟𝑛𝑒𝑑 𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 550℃(𝑔)

𝑊𝑒𝑡 𝑚𝑎𝑠𝑠 (𝑔)
∗ 100  eq (2) 

3.4.5. Chemical oxygen demand (COD) 

Chemical oxygen demand (COD) was measured by following Standard Method 5220D 

based on closed reflux colorimetric method (APHA 2005). Total and soluble COD was tested on 

the semi-continuous digester feed and effluent samples once a week. The method is based on the 

reduction of chromium ion from hexavalent to trivalent that is directly proportional to the change 

of absorbance. To measure the absorbance, a Thermo Scientific™ GENESYS™ 10S UV-Vis 

spectrophotometer, set at a wavelength of 600 nm, was used and a calibration curve was developed 
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using known COD concentrations of a standard potassium hydrogen phthalate solution (Sigma 

BioXtra >99.95% pure) within a range of 100 to 700 mg/L (Appendix A. Figure A.1). 

For soluble COD (SCOD), sludge samples were centrifuged for 20 min at 10,000 rpm and 

the supernatant was filtered through a 0.45 μm pore size membrane. During analysis, well mixed 

sludge samples for total COD (TCOD) and filtered samples for SCOD were added to glass tubes 

at desired dilution ratios using reverse osmosis (RO) water. COD digestion solution and COD 

catalyst were added to the diluted samples in COD tubes. COD digestion solution was prepared 

by mixing potassium dichromate, mercuric sulfate, sulfuric acid (> 95%) and Type 1 water and 

COD catalyst was prepared by mixing silver sulfate with sulfuric acid (> 95%). The COD tubes 

were then vortexed and placed in a temperature controlled chamber at 150°C for 2 h to allow for 

digestion. Then, the absorbance of digested sample was measured using the spectrophotometer. 

3.4.6. Alkalinity 

Alkalinity was measured for the semi-continuous digester feed and effluent samples once a 

week by following Standard Method 2320B (APHA 2005). Sludge samples were first centrifuged 

for 20 min at 8,000 rpm. The pH of 10 mL of supernatant obtained from centrifugation was 

monitored during a titration when 0.1 N sulfuric acid was added until the pH dropped to 4.6. 

Alkalinity was calculated according to the equation (3) below: 

𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (
𝑚𝑔 𝑎𝑠 𝐶𝑎𝐶𝑂3

𝐿
) =

0.1∗50000∗𝑚𝐿 𝑜𝑓 𝑎𝑐𝑖𝑑 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑚𝐿 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
    eq (3) 

3.4.7. Ammonia 

Ammonia concentration was measured for the semi-continuous digester feed and effluent 

samples once a week by following Standard Method 4500-NH3 D (APHA 2005). Sludge samples 

were centrifuged for 20 min at 8,000 rpm. The supernatant was diluted with Type 1 water at a 
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volumetric ratio of 1:4. Additionally, a strong base (i.e. 10 N NaOH) was added to increase the pH 

above 11 in order to allow for the conversion of dissolved ammonia (NH3(aq)  and NH4
+) into 

NH3(aq). The method used an ammonia probe that sensed the change of pH of an ammonium 

chloride solution due to the diffusion of NH3(aq), present in the samples, through the probe 

membrane. The measurement reading was obtained using a dual channel pH/ion meter (Accumet 

excell XL25) and a calibration curve was developed by using four different concentrations of 

standard ammonia solution (i.e. 10, 100, 500 and 1000 mg/L) (Appendix A. Figure A.2). 

3.4.8. Volatile fatty acids (VFAs) 

Three different VFAs (i.e. acetic, propionic and butyric acid) were quantified in the semi-

continuous digester feed and effluent samples once a week. VFAs were also quantified for sludge 

in BMP assays with time to ensure that they do not reach to levels inhibitory to methane forming 

bacteria. Sludge samples were first centrifuged for 20 min at 10,000 rpm and the supernatant was 

filtered through 0.22 μm pore size membrane. The filtered samples were added to glass GC vials 

and mixed with an internal standard solution containing iso-butyric acid. An Agilent 7890A GC 

equipped with a flame ionization detector and a 25-meter Agilent 19091F-112 polyethylene 

capillary column was used for quantification based on method developed by Ackman (1972). The 

GC used helium as a carrier gas at a flowrate of 40 mL/min. 

3.4.9. Dewaterability 

Capillary suction time (CST) was measured to assess dewaterability rate of semi-continuous 

flow digester effluent samples by following Standard Method 2710G (APHA 2005). 

Chromatography paper was set on a capillary suction timer (Model 440, Fann Instrument 

Company) and a cylindrical metal tube was placed vertically over the paper. Then, 5 mL of sludge 

samples at room temperature (22oC) were poured inside the cylinder and the CST was recorded 
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from the time that the liquid drained on the paper takes to travel a defined distance by the position 

of two electrodes. As recommended by APHA (2005), the CST values (in second) were then 

normalized by the TS value of the sludge sample tested and reported as second per % TS (by 

weight).  

  



 

41 

 

Chapter 4: Results and discussion 

4.1. Batch digesters 

4.1.1. Characterization of sludge, inocula and NPs for BMP 

The characterization of the inocula (microbial culture) and mixed sludge (reactor feed) used 

to set up the BMP bottles is shown in Table 4.1. The pH of the feed was slightly acidic (5.83) with 

low values of ammonia and alkalinity.  

Table 4.1 Sludge and inocula characterization for the set-up of the BMP reactors¹ 

Parameters Mixed 

sludge 

Mesophilic 

inoculum 

Thermophilic 

inoculum 

pH 5.83 ± 0.01² 7.53 ± 0.01 7.99 ± 0.01 

TS (% by weight) 4.04 ± 0.01 2.26 ± 0.01 2.11 ± 0.01 

VS (% by weight) 3.41 ± 0.01 1.67 ± 0.04 1.46 ± 0.07 

Ammonia (mg/L) 216 ± 16 942 ± 3 1428 ± 4 

Alkalinity (mg as CaCO3/L) 798 3284 4755 

TCOD (mg/L) 53518 ± 476 22935 ± 72 22193 ± 261 

SCOD (mg/L) 4517 ± 81 465 ± 11 193 ± 2 

¹TS/VS: Total solids/volatile solids, TCOD/SCOD: total/soluble chemical oxygen demand 

²Data indicate arithmetic mean ± standard deviation of three replicates 

The zeta potential for the non-coated ZnO NPs with 30 and 10 nm average diameter was -

24.2 ± 0.4 and -25.6 ± 0.4, respectively. The zeta potential for the coated ZnO NPs with 30 nm 

average diameter was -26.8 ± 0.3. These results validated that the ZnO NPs were within the range 

of colloidal stability (Moderna et al. 2019). 

4.1.2. Effect of ZnO NPs on BMP of municipal sludge 

The BMP bottles were operated until biogas production stopped (for a period of 87 days). In 

Figure 4.1, the specific cumulative biogas yield from mixed sludge in terms of mL of biogas per g 

of VS added was graphed for the different ZnO NPs and concentrations. 
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(a) 

 

(b) 

Figure 4.1 Specific cumulative biogas yield from BMP assays under (a) mesophilic and (b) 

thermophilic conditions at STP (1 atm, 0oC) 

[T: thermophilic, M: mesophilic, NC: non-coated, C: coated, S30/100: nanoparticle size of 30 and 

100 nm average diameter respectively, Concentration: nanoparticle concentration of 6, 75, and 150 

mg/g TS of sludge respectively. Data represents arithmetic mean and error bars represent standard 

deviation of the three replicates]. 

a

) 

b

) 
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From the analysis of variance (ANOVA) (Appendix B, Table B.1), the dispersant used in 

the test showed that there was statistically significant difference between the dispersant and the 

control. T-test analysis (Appendix B, Table B.2 and Table B.3) was used to determine which 

factors were statistically significant; showing that the dispersant didn't affect the mesophilic biogas 

production, but the dispersant inhibited the thermophilic control bottles (p = 0.01 < 0.05) with a 

9% reduction of cumulative biogas yield after 87 days. 

The multi factor ANOVA and the split plot design analysis (Appendix B, Table B.4) showed 

that concentrations, type of NPs and temperature were statistically significant different (p = 0.03 

< 0.05). In terms of type of NPs, it was found that the difference between the non-coated ZnO NPs 

(i.e. NC(S30) and NC(S100)) was statistically insignificant (p = 0.82 > 0.05). 

At low NP concentration (6 mg NPs/g TS of sludge), there was a small difference between 

the mesophilic and thermophilic BMP reactors in terms of specific cumulative biogas yield. The 

mesophilic BMP bottles with low concentration of NPs produced similar amounts of biogas when 

compared to the control (p = 0.20 > 0.05) by having cumulative biogas only 2% below the control 

(Figure 4.1a). The mesophilic biogas production rate was high and steady during the first 9 days 

and then a slow rate was kept for the rest of the experiment. In the thermophilic BMP reactors 

(Figure 4.1b), biogas production was lower by 3.9% (p =0.008 < 0.05) in comparison with the 

control. This slight inhibition could be due to the ZnO NPs addition and the small amount of 

dispersant present in the solution. It was evident that the thermophilic BMP assays produced less 

biogas in the long run. 

At medium concentration (75 mg NPs/g TS of sludge), a lag-phase was visible during the 

first 21 days of operation in both mesophilic and thermophilic reactors as shown in Figure 4.1. 

This suggests that a more severe inhibition caused by NPs occurred at medium concentration 
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compared to that of small concentration. A partial recovery occurred after 21 days as the 

cumulative biogas yield kept increasing at a constant rate until the end of the experiment. The 

statistical analysis showed that there was no significant difference between the two non-coated 

ZnO NPs with 30 and 100 nm average diameters (p = 0.95 > 0.05), but it was different from the 

coated ZnO NPs with 30 nm dimeter (p = 0.0005 < 0.05). BMP bottles spiked with coated ZnO at 

medium concentration experienced less severe reduction in their biogas production compared to 

that of non-coated NPs. Nevertheless, the three types of NPs caused acute inhibition to the reactors 

at the medium spiking dosage. Compared to mesophilic (Figure 4.1a), spiked thermophilic BMP 

assays (Figure 4.1b) were inhibited to a higher extent and they did not present a sudden increase 

(recovery) in the biogas production rate, but instead were slowly producing biogas after the first 

20 days. These results are in agreement with studies that report that thermophilic anaerobic cultures 

are more sensitive to environmental disturbances (i.e. presence of toxic compounds, 

temperature/pH variations) due to reduced microbial diversity therefore less resilience at elevated 

temperatures (Labatut et al. 2014). For example, in the case of the non-coated ZnO NPs, it 

produced slightly more biogas than the blank bottles set-up with no mixed sludge (117 and 135 vs 

83 ml/g VS added) under the thermophilic conditions suggesting that ability of methane forming 

bacteria to utilize mixed sludge was destroyed at the medium NPs concentration (Figure 4.1b).  

At high concentration (150 mg NPs/g TS of sludge), three different patterns were observed 

regarding the influence of the different variables involved in the experiment. The inhibition of NPs 

was discernable not only for thermophilic, but also for mesophilic cultures at high concentration 

regardless of whether particles were coated or non-coated. The two non-coated ZnO NPs presented 

similar results with cumulative biogas productions similar to the blank under mesophilic 

conditions (Figure 4.1a) and lower than the blank under thermophilic conditions (Figure 4.1b). 
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This indicated that the anaerobic microorganisms were not able to process the available 

biodegradable substrate in mixed sludge for biogas production as they could barely produce what 

the blank (which only contained the microorganisms) produced, implying that the NP doses were 

higher than what the microorganisms could tolerate to eventually partially or fully recover. Similar 

to the behavior observed at the medium concentration, the BMPs with coated ZnO NPs had a 

higher biogas production than the BMPs with non-coated ZnO NPs, but they were still highly 

inhibited. In all scenarios with high NP concentration, the biogas production was highly inhibited 

due to the presence of the ZnO NPs; however, thermophilic reactors were the ones who presented 

the major inhibition in comparison to the mesophilic reactors. Inhibition from ZnO NPs could be 

used to stop biogas production when other technologies might not be able to achieve it. 

The pH of the mesophilic and thermophilic batch digesters was also monitored with time 

during digestion days of 3, 6, 9, 25 and 87 of the experiment. Reactors at both mesophilic and 

thermophilic temperature conditions had a pH slightly basic after the first 3 days (7.2 - 8.2 and 7.3 

- 8.7, respectively). Afterwards, the pH stayed within a neutral range in mesophilic and 

thermophilic BMPs (6.8 - 7.3 and 7.2 - 7.8, respectively) until the end of the experiment as shown 

in Figure 4.2. Thermophilic digesters had a higher pH than the mesophilic digesters which was an 

initial characteristic of the inoculum presented in Table 4.1. The higher pH presented in the 

thermophilic digesters was also due to the low solubility of CO2 at higher temperatures. 

Furthermore, thermophilic batch digesters exhibited a greater change in the pH (Figure 4.2b) than 

the mesophilic batch digesters (Figure 4.2a) showing the tendency to be a more sensitive system 

to the presence of NPs, which is in agreement with biogas production results. As suggested in the 

literature (WEF 2007; Appels el al. 2008; Chen et al. 2008), in this study, the operational pH range 
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was controlled with the addition of potassium and sodium bicarbonate buffers which could be an 

important factor in the partial recovery of BMP bottles spiked at medium NPs concentration. 

 

 

Figure 4.2 pH change in BMP bottles under (a) mesophilic (b) thermophilic conditions  

[T: thermophilic, M: mesophilic, NC: non-coated, C: coated, Disp: dispersent, S30;S100: 

nanoparticle size of 30 and 100 nm average diameter, C6;C75;C150: nanoparticle concentration of 

6, 75, and 150 mg/g TS of sludge]. 

Accumulation of VFAs in BMP bottles is another indication of inhibition to methane 

forming archaea that utilize VFAs for methane conversion. Therefore, the total VFA concentration 

in BMP assays was monitored during digestion days of 3, 6, 9, 25 and 87 as shown in Figure 4.3. 
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As pH was kept in the neutral range during the whole experiment, the VFA accumulation would 

not cause inhibition to the fermentative bacteria in charge of hydrolysis/acidogenesis stages 

(Veeken et al. 2000). As the hydrolysis and acidogenesis rates were not affected, the process 

carried on producing more VFAs that would cause the slight pH drop in the first 5-25 days of 

digestion depending on NPs levels and assay temperature as evidenced in Figure 4.2. The total 

VFA concentration produced during hydrolysis in the mesophilic BMP reactors was mostly 

consumed by archaea during methanogenesis stage by the 9th day for the control, blank and low 

concentration of NPs to values lower than 25 mg/L. The complete consumption of VFAs was 

reflected in the high biogas (methane) production rate during those days. The rate of VFA 

consumption by archaea for the thermophilic control, blank and BMPs with low concentration of 

NPs was slower as the total VFA concentration was higher than 750 mg/L by the 9th day; 

nevertheless, total VFA concentration was below 25 mg/L by the 25th day (Figure 4.3). 

On the other hand, BMP reactors with NPs at medium concentrations (i.e. 75 mg NPs/ g TS 

of sludge) showed an increase of the VFA concentration up to the 25th day. The presence of VFAs 

during those days could indicate that the hydrolysis and acidogenesis processes might not be 

strongly affected by the dose of NPs at those concentrations. Moreover, the presence of high 

content of acetic acid could suggest that the partial inhibition occurred to archaea mainly during 

the methanogenesis process and resulted in biogas being produced continuously at a slow rate. A 

similar outcome has been reported in which acidogens have showed to resist higher doses of NPs 

than methanogens without presenting major inhibition (Mu and Chen 2011). Furthermore, the total 

VFA was being consumed from day 25 until the end of the experiment which supported the biogas 

production (methanogenesis) recovery displayed in Figure 4.1. 
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(a) 

 

(b) 

Figure 4.3 Total VFA concentration change in BMP bottles under (a) mesophilic (b) thermophilic 

conditions 

[T: thermophilic, M: mesophilic, NC: non-coated, C: coated, Disp: dispersent, S30;S100: 

nanoparticle size of 30 and 100 nm average diameter, C6;C75;C150: nanoparticle concentration of 

6, 75, and 150 mg/g TS of sludge. Data represents arithmetic mean and error bars represent 

standard deviation of the two replicates]. 
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For the high concentration of NPs, the total VFA concentration was higher at the end of the 

experiment except for the coated ZnO NPs. The non-coated NPs showed a continuous slow 

production of total VFA up to approximately 2000 mg/L. The coated ZnO NPs instead revealed a 

delayed production of VFA happening between day 9 and 25 and then a slow drop until the end of 

the experiment. The trend of VFA production/consumption for the BMPs with the coated ZnO 

NPs at medium concentration was similar to that of BMPs with the high concentration with the 

exception that the total VFA concentration was higher in BMPs with the high NP concentration 

(Figure 4.3).  

4.2. Semi-continuous flow anaerobic sludge digesters 

Among three NPs dosages studied with BMP assays, the medium and high dosages are 

unlikely to occur often and represent special cases based on literature. In order to validate BMP 

results generated with the low dosage (6 mg NPs/g TS of mixed sludge), semi-continuously fed 

anaerobic sludge digesters that simulate full-scale operation more closely were operated for a 

duration of 60 days. The results are presented and discussed in the following sections.  

4.2.1. Characterization of waste sludge stream 

The characterization of the inocula and digester feed (mixed sludge) used to the set-up of the 

semi-continuous flow digesters is shown in Table 4.2. An attempt was made to keep sludge and 

inocula characteristics as similar as possible between BMP (Table 4.1) and semi-continuous flow 

(Table 4.2) digester operations. The pH did not differ more than 5% with the BMP experiment as 

it is an important factor determining the performance of the anaerobic digestion processes (Appels 

et al. 2008; Veeken et al. 2000). Additionally, the OLR was set to 1.53 ± 0.04 g VS/L/d during the 

entire experiment to provide a steady process without an accumulation of VFAs that could 

potentially decrease the pH because of organic overloading. The OLR was based on recommended 
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organic loading rates found in literature that were within the range of 0.5 to 7 g VS/L/d (Appels et 

al. 2008). 

Table 4.2 Sludge and inocula characterization for the set-up of the semi-continuous reactors¹ 

Parameters Mixed 

sludge 

Mesophilic 

inoculum 

Thermophilic 

inoculum 

pH 5.56 ± 0.01² 7.35 ± 0.01 7.86 ± 0.01 

TS (% by weight) 3.86 ± 0.08 2.00 ± 0.03 2.04 ± 0.01 

VS (% by weight) 3.14 ± 0.08 1.35 ± 0.04 1.32 ± 0.01 

Ammonia (mg/L) 166 ± 9 590 ± 2 958 ± 4 

Alkalinity (mg as CaCO3/L) 644 2877 4437 

TCOD (mg/L) 52799 ± 273 21531 ± 308 22265 ± 753 

SCOD (mg/L) 4674 ± 71 600 ± 5 182 ± 2 

¹TS/VS: Total solids/volatile solids, TCOD/SCOD: total/soluble chemical oxygen demand 

²Data indicate arithmetic mean ± standard deviation of three replicates 

4.2.2. Effect of ZnO NPs on biogas production 

The biogas measured during the experiments was reported in terms of the specific daily 

biogas production at STP (0oC and 1 atm, respectively). The statistical analysis was performed 

with the data collected after having a steady state where values would not fluctuate more than 5% 

which was reached after one SRT of 60 days. Among the different factors (i.e. type of NPs dosed 

and temperature), the analysis results (Appendix B, Table B.5) showed that the daily biogas 

production values obtained at different temperatures were statistically different (p = 0.003 < 0.05). 

However, the biogas results from controls (unspiked) and digesters with different ZnO NPs were 

not statistically different (p =0.06 > 0.05).  

In Figure 4.4, the specific daily biogas production for the mesophilic (a) and thermophilic 

(b) digesters had a similar trend with peaks and troughs happening in the same days as new feed 

(mixed sludge) from Kelowna's WWTP was obtained and fed to digesters every couple of weeks. 

At both digester temperatures, both spiked and unspiked (control) digesters produced similar 

specific daily biogas productions. The average mesophilic and thermophilic specific biogas 
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productions were 0.515 ± 0.017 and 0.521 ± 0.018 L/g VSadded-d, respectively. These results 

correspond to average mesophilic and thermophilic specific biogas yield of 1.05 ± 0.01 and 0.91 

± 0.01 L/g VSremoved-d, respectively. Similar results have been reported in the literature for digesters 

utilizing mixed sludge feed (Turovskiy and Mathai 2006). At elevated temperatures, a beneficial 

increase of the hydrolysis rate and biological reaction rate has been reported (Appels et al 2008) 

which may suggest that a higher daily biogas/methane production is expected at thermophilic 

digester temperature. However, in this study, the yields were quite similar at different temperatures 

possibly due to a safe SRT of 20 days provided to both digesters. The specific daily biogas 

production and other performance parameters measured for each reactor are included in Table 4.3. 

The biogas composition (i.e. % of CH4, CO2, O2, N2) was also monitored in digester 

headspace. The statistical analysis for the gas composition results showed that there was no 

significant difference (p > 0.05) among the type of ZnO NPs and control, but the results were 

statistically different (p < 0.05) at different digester temperatures. The mesophilic and thermophilic 

digesters had an average of 67 and 70% of CH4 and 29 and 23% of CO2 respectively, which were 

in agreement with literature (Vindis et al. 2009). Digesters had trace amount of O2 (1-2%) and N2 

(2-3%) which indicated that anaerobic conditions were maintained thought the operation without 

a major leak.  
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Figure 4.4 Specific daily biogas production for (a) mesophilic and (b) thermophilic semi-continuous 

flow anaerobic digesters  

[M: mesophilic, T: thermophilic, NC: non-coated, C: coated, S: average diameter size in nm]. 
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Table 4.3 Results for semi-continuous flow anaerobic digesters operating at 20 d SRT during steady state¹ 

 Mesophilic Thermophilic 

Parameters M-Control M-NC(S30) M-NC(S100) M-C(S30) T-Control T-NC(S30) T-NC(S100) T-C(S30) 

Biogas  volume and composition 

Specific biogas 

(L/g VSadded-d) 

0.517 (0.02) 0.517 (0.029) 0.516 (0.02) 0.509 (0.01) 0.519 (0.02) 0.523 (0.02) 0.521 (0.02) 0.518 (0.02) 

Methane (%) 67.26 (0.74) 67.41 (0.77) 67.77 (0.55) 67.22 (1.16) 70.10 (0.41) 69.90 (0.33) 70.25 (0.54) 70.13 (0.58) 

TVSC (mg/L) 1292 (183) 201 (66) 185 (65) 63 (25) 775 (52) 166 (33) 150 (35) 54 (27) 

Overall removal efficiency 

TS (%) 41.3 (1.9) 41.0 (1.3) 38.7 (1.4) 38.8 (2.4) 46.5 (0.5) 46.6 (1.5) 46.1 (1.0) 47.0 (0.7) 

VS (%) 49.0 (2.9) 49.4 (2.6) 49.2 (1.9) 49.2 (1.8) 56.3 (1.5) 57.9 (1.5) 57.2 (1.1) 57.3 (1.7) 

TCOD (%) 53.0 (2.1) 53.7 (3.4) 53.9 (2.0) 53.6 (2.3) 57.4 (1.3) 58.1 (2.3) 58.7 (1.5) 58.7 (1.8) 

Effluent characteristics 

pH 7.28 (0.04) 7.28 (0.02) 7.28 (0.03) 7.28 (0.03) 7.93 (0.03) 7.90 (0.03) 7.91 (0.03) 7.88 (0.03) 

SCOD (mg/L) 500 (28) 495 (18) 500 (32) 528 (20) 2449 (160) 2362 (132) 1898 (81) 2192 (41) 

NH3-N (mg/L) 934 (51) 921 (30) 922 (57) 906 (66) 1348 (71) 1358 (52) 1333 (39) 1320 (37) 

Alkalinity 

(mgCaCO3/L) 

3415 (180) 3474 (129) 3403 (201) 3384 (170) 4706 (181) 4691 (184) 4583 (184) 4679 (158) 

TVFA (mg/L) 21.5 (3.2) 17.7 (4.6) 13.0 (2.8) 16.3 (3.4) 31.5 (6.2) 30.5 (5.7) 24.2 (4.3) 25.6 (5.5) 

¹TVSC: Total volatile sulfur compounds, TS/VS: Total solids/volatile solids, TCOD/SCOD: total/soluble chemical oxygen demand, 

TVFA: Total volatile fatty acids. 

²Data indicate arithmetic mean ± standard deviation of five to twelve replicates 
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The average headspace methane percentage results reported above were used to convert 

specific biogas volumes to specific methane volumes. Even though, a lower methane composition 

was found for the mesophilic digesters (as illustrated in Figure 4.5), the specific methane yield was 

still higher for the mesophilic digesters. The average specific daily methane yield was 705 and 638 

mL CH4/g VSremoved-d for the mesophilic and thermophilic reactors which indicated that 

thermophilic methanogens could be more sensitive to the variation of the feed sludge or NP 

addition (Song et al. 2004).  

 

Figure 4.5 Methane percentage in biogas under mesophilic and thermophilic conditions at steady-

state 

[M: mesophilic, T: thermophilic, NC: non-coated, C: coated, S: average diameter size in nm. Data 

represents arithmetic mean and error bars represent standard deviation of five replicates]. 

In this study, odour causing VSCs were also monitored in digester biogas. The VSCs 

measured were summation of eight different compounds including H2S, as described in the 

methodology section. The effect of dosing ZnO NPs was evident in terms of VSCs produced by 
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the digesters as shown in Figure 4.6. The control mesophilic and thermophilic digesters produced 

1292 ± 183 and 775 ± 52 ppm VSCs, respectively. At the top part of Figure 4.6, the VSC removal 

(%) due to the presence of ZnO NPs with respect to the control digester was also shown. At both 

digester temperatures, the highest VSCs removal was achieved with the coated ZnO NPs (30 nm 

average diameter) with 95% and 93% removal for mesophilic and thermophilic digesters 

respectively; meanwhile, the lowest removal was with the non-coated ZnO NPs (30 nm average 

diameter), which presented 85% and 79% lower VSCs compared to controls, respectively.  

 

Figure 4.6 Volatile sulfur compounds (VSC) concentration and their removal in the digester 

headspace under mesophilic and thermophilic conditions 

[M: mesophilic, T: thermophilic, NC: non-coated, C: coated, S: average diamater size in nm. Data 

represents arithmetic mean and error bars represent standard deviation of five replicates]. 

Among the eight different odor-causing compounds measured in this experiment, H2S was 

the most predominant compound found in the biogas with higher percentage reduction in the 
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spiked digesters than the reductions in total VSCs. The H2S removal predominance might be due 

to the precipitation of ZnO into ZnS that could be found in the digested sludge (Lombi et al. 2012).  

 

Figure 4.7 H2S concentration and their removal in the digester headspace under mesophilic and 

thermophilic conditions 

[M: mesophilic, T: thermophilic, NC: non-coated, C: coated, S: average diamater size in nm. Data 

represents arithmetic mean and error bars represent standard deviation of five replicates)]. 

From the statistical analysis (Appendix B, Table B.6 and Table B.7), the VSC removal 

results from two uncoated ZnO NPs with different average diameters were not statistically 

significant (p = 0.41 > 0.05) but the digesters spiked with coated ZnO NPs yielded statistically 

significant results compared to the digesters with uncoated ZnO NPs (p < 0.05). The coated ZnO 

NPs were not pure ZnO, but instead, the presence of the coating silane might have improved their 

dispersion and availability to react sulphide in the liquid phase and precipitate as ZnS. This would 

reduce the VSCs formation in the headspace of spiked digesters as observed in Figures 4.6 and 

4.7. These results indicate that coated NPs with small diameters can be dosed to anaerobic sludge 
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digesters at low concentrations to control/mitigate odour-causing VSCs as an alternative to other 

off-the-shelf chemicals used (Akgul et al. 2017).  

4.2.3. Effect of ZnO NPs on other digester performance parameters 

The total/organic solids (TS/VS) removals are other important parameters to assess digester 

performance. The TS removal, shown in Figure 4.8, was similar among the different configurations 

under mesophilic conditions as well under thermophilic conditions; however, mesophilic 

anaerobic digesters presented a slightly lower TS removal of 38.8-41.3% compared to 

thermophilic anaerobic digesters TS removal of 46.5-47.0%. The VS removal, shown in Figure 

4.9, presented the same tendency as the TS removal with a VS removal of 49.0-49.4% for 

mesophilic digester compared to 56.3-57.9% for thermophilic digester. The organic removal 

efficiency results obtained from the digesters utilizing mixed sludge under the SRT of 20 d (OLR 

= 1.53 ± 0.04 g VS/L/d) were in agreement with literature (Appels et al. 2008; Wahidunnabi and 

Eskicioglu 2014). Thus, these results indicate that daily addition of various (coated or non-coated 

at 30 or 100 nm diameter) ZnO NPs at the dose of 6 mg NPs/g TS of sludge does not cause a 

discernable inhibition on anaerobic cultures at mesophilic or thermophilic temperatures for an 

operation time of 60 days. 
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Figure 4.8 TS removal efficiency of anaerobic digesters under mesophilic and thermophilic 

conditions 

 

Figure 4.9 VS removal efficiency of anaerobic digesters under mesophilic and thermophilic 

conditions  

[M: mesophilic, T: thermophilic, NC: non-coated, C: coated, S: average diamater size in nm. Data 

represents arithmetic mean and error bars represent standard deviation of twelve replicates]. 
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The total COD (TCOD) removal was presented in Figure 4.10 as an additional way to 

evaluate if the organic solids removal would be affected by the presence of NPs. The TCOD 

removal was 53-54% for the mesophilic digesters while 57-58% for the thermophilic digester. The 

presence of ZnO NPs at 6 mg NPs/g TS of sludge did not show any discernable difference on the 

TCOD removal when compared to the control digester. These results supported TS/VS removal 

results presented in Figures 4.8 and 4.9. In general, TCOD removals were also within the range 

reported in literature for sludge digesters operated under similar organic loading (Appels et al. 

2008).  

 

Figure 4.10 TCOD removal efficiency of anaerobic digesters under mesophilic and thermophilic 

conditions 

[M: mesophilic, T: thermophilic, NC: non-coated, C: coated, S: average diamater size in nm. Data 

represents arithmetic mean and error bars represent standard deviation of ten replicates]. 

As studies for BMP assays, total VFA accumulation in digesters is another factor that would 

help understand whether inhibition can occur under the presence of NPs. In Figure 4.11, the total 

0

10

20

30

40

50

60

70

M
-C

o
n

tr
o

l

M
-N

C
(S

3
0

)

M
-C

(S
3

0
)

M
-N

C
(S

1
0

0
)

T-
C

o
n

tr
o

l

T-
N

C
(S

3
0

)

T-
C

(S
3

0
)

T-
N

C
(S

1
0

0
)

Mesophilic Thermophilic

TC
O

D
 R

e
m

o
va

l (
%

)



 

60 

 

VFA concentrations in digesters were different between mesophilic and thermophilic conditions. 

Total VFAs ranged in mesophilic digesters from 14.1 to 18.1 mg/L while thermophilic digesters 

showed a wider range (25.3 to 33.9 mg/L). These results are consistent with previous studies that 

suggested a higher presence of VFAs in thermophilic anaerobic digesters due to higher sensitivity 

of methane forming bacteria (utilizing VFAs) to different intermediate compounds (Zinder, 1989). 

 

Figure 4.11 Total VFAs in anaerobic digesters under mesophilic and thermophilic conditions  

[M: mesophilic, T: thermophilic, NC: non-coated, C: coated, S: average diamater size in nm. Data 

represents arithmetic mean and error bars represent standard deviation of eight replicates]. 

Sludge treatment and disposal have been reported to cost up to 60% of the total operation 

cost of a WWTP (Foladori et al. 2010). Thus, improvement in dewaterability of digester effluent 

has been considered an important factor in reducing such high sludge disposal cost. In this study, 

the capillary suction time (CST) was determined to assess the dewaterability rate of the digester 

effluent (digestate) with and without the presence of NPs as presented in Figure 4.12. As 

recommended in the literature, CST results were then normalized by TS concentration (% by 
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weight) of digestate sample. The multi-factor ANOVA (Appendix B, Table B.8) showed 

statistically significant differences between mesophilic and thermophilic digesters (p < 0) with a 

CST of 665 and 978 second/% of TS (by weight), respectively. However, there was no statistically 

significant difference among the normalized CST results of the digestate from the control and the 

different ZnO NPs dosed digesters (p = 0.85 > 0.05). Digester temperature was the only factor 

showing statistically significant difference with thermophilic effluent having a higher normalized 

CST value compared to mesophilic digester. Studies have shown that higher temperature 

promoting higher rate of protein and polysaccharides release and the release of other high soluble 

microbial products to liquid phase could cause a slower dewaterability rate (Novak et al. 2003). 

 

Figure 4.12 Specific capillary suction time (CST) for the digestates under mesophilic and 

thermophilic conditions. 

[M: mesophilic, T: thermophilic, NC: non-coated, C: coated, S: average diamater size in nm. Data 

represents arithmetic mean and error bars represent standard deviation of five replicates]. 
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Chapter 5: Conclusions and recommendations for future work 

This research investigated the effect of ZnO NPs on anaerobic digestion of mixed sludge in 

two stages. The first stage of experiments included twenty-four different BMP combinations to 

identify important factors that could cause inhibition on anaerobic microorganisms when 

municipal sludge (anaerobic digester feed) contains ZnO NPs from consumer products/industrial 

applications. The factors for the first stage were average NPs particle size (30 nm and 100 nm), 

NPs type (silane coated and non-coated), NPs concentration (6, 75 and 150 mg NPs/g TS of feed), 

use of dispersant (sodium dodecylbenzene sulfonate) and digester operating temperature 

(mesophilic at 35 ± 2oC and thermophilic at 55 ± 2oC). 

The second stage testing included only eight different NPs/digester operation combinations 

since some of the parameters, identified as not statistically significant based on the results from 

the first-stage, were excluded. The goal of the second stage was to verify the impact of NPs at low 

ZnO NPs concentration (6 mg NPs/g TS of feed) from the batch tests on the performance of semi-

continuous flow anaerobic reactors that resemble full-scale operation. Furthermore, the second 

stage allowed for the testing and evaluation of more performance parameters that are essential to 

anaerobic digestion operation. 

Based on the experiments results and analysis presented in the previous chapters, the 

following conclusions were drawn: 

 NPs at the low concentration (6 mg NPs/g TS of digester feed) with different average 

particle sizes (30 nm and 100 nm) did not have statistically significant effect on the 

biogas production from BMPs assays under mesophilic and thermophilic 
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temperatures. The low concentration represents expected NPs concentration at 

wastewater treatment plants at today’s society, 

 Both silane coated and non-coated NPs at the medium and high concentrations (75 

and 150 mg NPs/g TS of digester feed) had statistically significant negative impact 

on the production of biogas under both mesophilic and thermophilic conditions. 

However, thermophilic bacteria operated at digester temperature of 55oC were more 

sensitive to ZnO compared to mesophilic bacteria at 35oC, as at elevated digester 

temperatures, bacterial diversity and therefore tolerance to environmental 

disturbances decline, 

 Coated NPs created less inhibition than non-coated NPs, possibly due to decreased 

purity (Zn) of the inhibitor per mass in the coated NPs. Batch reactors dosed with the 

medium (75 mg ZnO/ g TS) and the high concentrations (150 mg ZnO/ g TS) of 

coated NPs partially recovered after 25 days of digestion. For the non-coated ZnO 

NPs, only the mesophilic batch assays were able to recover at the medium 

concentration and the thermophilic reactors presented chronic inhibition and could 

not recover. However, the production of biogas from batch reactors dosed with 

coated NPs slightly improved from its inhibitory condition at the medium and high 

concentration compared to the non-coated NPs, 

 For the semi-continuous flow lab-scale anaerobic reactors, steady-state daily biogas 

production, TS and VS removal, biogas methane and carbon dioxide composition 

and dewaterability were not significantly affected by the low concentration of ZnO 

NPs under mesophilic and thermophilic temperatures, 
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 In addition to the aforementioned detrimental effects of NPs, as a beneficial outcome, 

coated ZnO NPs significantly reduced odour causing volatile sulfur compounds in 

digester headspace in comparison to the non-coated NPs by chemical precipitation.  

Based on the conclusions presented and limitations aroused during this study, the following 

further research are recommended: 

 Analysis of other NPs species with the presence and absence of coating to assess 

whether this property can have reproducible effects on the performance of the 

different wastewater and sludge treatment processes, 

 The ability of NPs to remove odor causing compounds in the reactor headspace 

should be further investigated and optimized with different type of NPs with coating 

and various dosing concentrations, 

 The interactions of various NPs in municipal sludge feed with emerging 

pretreatments via thermal (i.e. conventional heating, microwave), mechanical (i.e. 

sonication, high-pressure homogenization) and biological (i.e. state-digestion, 

enzyme addition) methods for enhanced methane production should be assessed.  
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Appendices 

Appendix A: Sample calibration curves 

Figure A.1 Chemical oxygen demand calibration curve 

 

 

Figure A.2 Ammonia calibration curve 
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Appendix B: Statistical analysis 

Table B.1 Anova for the effect of the dispersant in the BMP assays 

Anova: Two-Factor With Replication for the 

dispersant    

       
SUMMARY Control Dispersant Total    
Mesophilic          
Count 3 3 6    
Sum 1814.69 1767.629 3582.319    
Average 604.8967 589.2097 597.0532    
Variance 135.783 85.90718 162.501    

       
Thermophilic          
Count 3 3 6    
Sum 1917.75 1746.562 3664.311    
Average 639.2499 582.1872 610.7186    
Variance 107.9382 394.0729 1177.651    

       
Total          
Count 6 6     
Sum 3732.44 3514.191     
Average 622.0733 585.6984     
Variance 451.5313 206.7866     

       
ANOVA       
Source of 

Variation SS df MS F P-value F crit 

Temperature 560.226 1 560.226 3.096 0.117 5.318 

Dispersant 

presence 3969.398 1 

3969.398 21.939 0.002 5.318 

Interaction 1283.961 1 1283.961 7.097 0.029 5.318 

Within 1447.402 8 180.925 
   

Total 7260.988 11         
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Table B.2 T-test for the effect of the dispersant in the BMP assays under mesophilic 

conditions 

t-Test: Two-Sample Assuming Equal Variances 

(Mesophilic) 

   
  Control Disp 

Mean 604.8967 589.2097 

Variance 135.783 85.90718 

Observations 3 3 

Pooled Variance 110.8451  
Hypothesized Mean 

Difference 0  
df 4  
t Stat 1.824855  
P(T<=t) one-tail 0.071037  
t Critical one-tail 2.131847  
P(T<=t) two-tail 0.142074  
t Critical two-tail 2.776445   

 

Table B.3 T-test for the effect of the dispersant in the BMP assays under thermophilic 

conditions 

t-Test: Two-Sample Assuming Equal Variances 

(Thermophilic) 

   
  Control Disp 

Mean 639.2499 582.1872 

Variance 107.9382 394.0729 

Observations 3 3 

Pooled Variance 251.0055  
Hypothesized Mean 

Difference 0  
df 4  
t Stat 4.411199  
P(T<=t) one-tail 0.005795  
t Critical one-tail 2.131847  
P(T<=t) two-tail 0.01159  
t Critical two-tail 2.776445   
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Table B.4 Split-plot analysis for biogas production in the BMP assays considering the 

effect of NP type, temperature and concentration  

Split-plot analysis 

  df SS MS F p 

 Replicate 2 1463 731 
 

 
A Type NP 2 151726 75863 37.68 < 0.01 

Error(a) Error (type) 4 8054 2014 
 

 
B Temperature 1 63938 63938 39.75 < 0.01 

AxB Type x Temp 2 8842 4421 2.75  
Error(b) Error (Temp) 6 9651 1608 

 

 
C Concentration 2 2205065 1102532 4.24 < 0.05 

AxC Type x Concen 2 77700 38850 0.15  
BxC Temp x Concen 2 89449 44724 0.17  

AxBxC 

Type x Temp x 

Concen 4 

28089 7022 0.03 

 
Error(c)  Error (Concen) 24 6245173 260216 

 

 

 Total 53 8889149 
  

 
 

Table B.5 Anova for biogas production in the semi-continuous reactors 

Anova for the semi-continuous reactors in terms 

of gas production     

        
SUMMARY Control NC(S30) C(S30) NC(S100) Total   
Mesophilic             
Count 41 41 41 41 164   
Sum 21199.12 21193.12 21189.16 20860.5 84441.89   
Average 517.0517 516.9053 516.8088 508.7927 514.8896   
Variance 322.1559 359.9372 328.9947 168.9765 302.0607   

        
Thermophilic             

Count 41 41 41 41 164   
Sum 21316.78 21463.16 21376.1 21231.14 85387.17   
Average 519.9214 523.4916 521.3682 517.8327 520.6535   
Variance 253.3036 340.8291 359.2596 314.5288 315.4372   

        
Total           
Count 82 82 82 82    
Sum 42515.9 42656.27 42565.26 42091.64    
Average 518.4865 520.1985 519.0885 513.3127    
Variance 286.2619 357.0364 345.1399 259.4506    
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ANOVA        
Source of 

Variation SS df MS F P-value F crit  
Temperature 2724 1 2724 8.903 0.003 3.871 Significant 

Type 2297 3 766 2.503 0.059 2.633 Insignificant 

Interaction 435 3 145 0.474 0.700 2.633 Insignificant 

Within 97919 320 306 
   

 

 

   

    
Total 103376 327 

 
       

 

Table B.6 Anova for VSC removal of two uncoated ZnO NPs with different average 

diameters in the semi-continuous reactors 

Anova: Two-Factor With Replication    

       
SUMMARY NC(S30) NC(S100) Total    

Mesophilic          
Count 5 5 10    
Sum 422.2599 428.817 851.0769    
Average 84.45199 85.7634 85.10769    
Variance 20.8905 21.82991 19.46457    

       
Thermophilic          

Count 5 5 10    
Sum 392.6204 402.9933 795.6137    
Average 78.52407 80.59867 79.56137    
Variance 19.18823 19.49697 18.38896    

       
Total          

Count 10 10     
Sum 814.8803 831.8103     
Average 81.48803 83.18103     
Variance 27.57394 25.77708     

       

       
ANOVA       

Source of 

Variation SS df MS F P-value F crit 

Temperature 153.8086 1 153.8086 7.557641 0.01426 4.493998 
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Columns 14.3313 1 14.3313 0.704192 0.413741 4.493998 

Interaction 0.72806 1 0.72806 0.035774 0.85236 4.493998 

Within 325.6225 16 20.3514    

       
Total 494.4905 19         

 

Table B.7 Anova for VSC removal of coated and uncoated ZnO NPs with different average 

diameters in the semi-continuous reactors 

Anova: Two-Factor With Replication    

       
SUMMARY NC(S30) NC(S100) C(S30) Total   

Mesophilic           
Count 5 5 5 15   
Sum 422.2599 428.817 474.2242 1325.301   
Average 84.45199 85.7634 94.84484 88.35341   
Variance 20.8905 21.82991 6.154644 36.8457   

       
Thermophilic           

Count 5 5 5 15   
Sum 392.6204 402.9933 464.7527 1260.366   
Average 78.52407 80.59867 92.95053 84.02442   
Variance 19.18823 19.49697 13.68558 58.41491   

       
Total          

Count 10 10 10    
Sum 814.8803 831.8103 938.9769    
Average 81.48803 83.18103 93.89769    
Variance 27.57394 25.77708 9.814654    

       

       
ANOVA       

Source of 

Variation SS df MS F P-value F crit 

Temperature 141 1 141 8.33 0.01 4.26 

Type 906 2 453 26.84 0.00 3.40 

Interaction 23 2 11 0.68 0.52 3.40 

Within 405 24 17    

       
Total 1474 29         
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Table B.8 Anova for biogas production in the semi-continuous reactors 

Anova: Two-Factor With Replication    

       
SUMMARY Control NC(S30) NC(S100) C(S30) Total  

Mesophilic            
Count 5 5 5 5 20  
Sum 3326 3400 3341 3228 13295  
Average 665 680 668 646 665  
Variance 2821 3949 524 2632 2251  

       
Thermophilic            

Count 5 5 5 5 20  
Sum 4794 4942 4892 4942 19570  
Average 959 988 978 988 979  
Variance 3244 4592 1079 8356 3791  

       
Total          

Count 10 10 10 10   
Sum 8120 8342 8233 8170   
Average 812 834 823 817   
Variance 26628 30221 27429 37545   

       

       
ANOVA       

Source of 

Variation SS df MS F P-value F crit 

Temperature 984383 1 984383 289.56 1.36E-17 4.15 

Type/control 2763 3 921 0.27 0.85 2.90 

Interaction 3250 3 1083 0.32 0.81 2.90 

Within 108786 32 3400    

       
Total 1099181 39         

 

 

 


