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Abstract 

The byproducts of sewage sludge after wastewater treatment processes contain various 

contaminants and have arisen attention once they are introduced to natural environment 

through rainfall or runoff from land/monofill. These contaminants include organic 

micropollutants (OMPs) such as personal care products, pharmaceuticals and endocrine 

disrupting chemicals, and trace metals. They have adverse effects on human health and 

ecosystem. The leachability and bioavaibility of these contaminants depend greatly on the 

environmental and geotechnical properties of sewage sludge. Lime amendment is a popular 

approach to treat sewage sludge in New Zealand, and is expected to remove pathogens and 

enhance the sewage sludge shear strength. This work aims at understanding how lime 

amendment alters the environmental and geotechnical properties of sewage sludge and 

affects the fate and leachability of OMPs and trace metals. Parameters of pH, content and 

properties of dissolved organic matter (DOM) and calcium (Ca) concentration are 

considered as they are closely correlated with how OMPs and trace metals are distributed 

in solid and soluble phases.  

This study investigated sixteen OMPs with diverse physicochemical properties and five 

toxic trace metals. These 16 OMPs are diclofenac (DCF), erythromycin (ERY), fluoxetine 

(FLU), gemfibrozil (GFB), naproxen (NPX), sulfamethoxazole (SMX), 4-tert-octylphenol 

(4-OP), 4-para-nonyphenol (4-NP), 17-α-ethinyl estradiol (EE2), bisphenol A (BPA), 

estrone (E1), primidone (PMD), triclosan (TCS), carbamazepine (CBZ), progesterone 

(PGT) and testosterone (TST) and the five trace metals are Cd, Cu, Pb, Zn and Ni. The 16 

OMPs represent ionised, variously ionised and non-ionised OMPs based on their acidity 

constant (pKa) at ambient pH. Extraction of the OMPs in sewage sludge/biosolids was 

achieved by the techniques of microwave digestion assisted extraction (MAE) combined 

with solid phase extraction. Liquid chromatography-mass spectrometry and high-
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performance liquid chromatography were employed to quantify the levels of the selected 

OMPs. Trace metal concentration in sewage sludge/biosolids were measured with 

inductively coupled plasma mass spectrometry after acid digestion with MAE.  

Attenuated total reflection Fourier transformed infrared spectroscopy and excitation and 

emission matrices combined with parallel factor (PARAFAC) analysis, successfully 

identified the prevalence of microbial byproducts and protein-like organics containing 

amide groups, carboxylic groups and polysaccharides in sewage sludge DOM. After lime 

amendment, the functional groups of DOM shifted from amide (I and II) and polysaccharide 

groups to carboxylic/carbonated and modified amide groups. DOM constituents were 

modified to be microbial byproducts and humic substances with higher excitations and 

emission wavenumbers. 

Lime amendment influenced OMPs’ leachability depending on their diversely 

physiochemical properties in biosolids. Specifically, lime addition increased the 

leachability of BPA, EE2, NPX, PMD, SMX and TCS, but reduced that for 4-OP, CBZ, E1, 

FLU, GFB and TST, and insignificantly modified the leachability of the other 4 selected 

OMPs. Increase in pH is of pivotal importance in relation to the effects of lime addition on 

the OMPs’ leachability, likely through affecting the hydrophobicity (logKow/logD) and 

speciation (pKa) of the OMPs (e.g. ERY and FLU), as well as hydrophobic interactions 

between DOM and OMPs (e.g. EE2, NPX, PMD, SMX and TCS) and/or their specific 

interactions such as hydrogen bonding, π-π interactions or van der Waals interactions. The 

increase in Ca levels was found to be another factor either increasing the DOM-OMP 

interaction by cation bridging the OMPs (e.g. BPA) and DOM, or reducing the DOM-OMP 

interactions by shielding the negative groups of DOM for some OMPs such as CBZ, GFB 

and TST. The affected leachability of the OMPs in lime-amended biosolids is a combined 

result from the modifications in physiochemical properties of the OMPs and DOM, as well 

as elevated pH and Ca levels. Microbial byproducts and protein-like organics, commonly 

present in biosolids, may have played an important role in interpreting the different 
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leachability of CBZ in biosolids and soil. 

In addition to that in soluble phase, the fractions of the OMPs remained in solid phase, i.e. 

extractable fractions, contributed a large portion of their total quantity in sewage sludge. 

Lime amendment either reduced or increased the leachable and extractable forms of some 

OMPs. However, lime amendment did not essentially alter the overall fate of the OMPs in 

biosolids. The influence of lime amendment may be related to irreversible prevention of the 

microbial degradation of these OMPs, and modifications in the physicochemical properties 

of the OMPs and organic matters. The formation of CaCO3 is proposed to contribute to 

such effects, due to the important role of inorganic minerals in the strong binding between 

biosolids and OMPs.  

The investigation of five trace metals in biosolids showed that the leachability was 

significantly enhanced for Ni, but was less affected for Cd, Cu, Pb and Zn with 10% and 

20% lime amendment. DOM and Ca, in combination with the speciation/precipitation 

mechanisms of metals, were involved in affecting metal leachability in the lime-amended 

biosolids at high pH. Specifically, the leachability of Cd is likely correlated with 

speciation/precipitation mechanisms due to pH changes in biosolids. DOM components 

containing carboxylic groups may also affect the leachability of Cd when the DOM content 

is high enough in lime-amended biosolid matrix. In the case of Cu and Ni, DOM plays an 

extremely important role in modifying leachability, in addition to the 

speciation/precipitation of the metals due to elevated pH. In particular, Cu more likely 

formed complex with DOM containing amide groups, such as protein-like organics, and 

the interaction was found to largely occur at pH above 8.5. Ni could complex with both 

amide groups and carboxylic groups contained in DOM over pH 5.5~11.5, which may have 

been responsible for the pronounced increase in its leachability in lime-amended biosolids 

at alkaline pH.  

High overburden pressure (225 kPa) increased leachate production in the first 21 days and 

after 28 days for lime-amended biosolids and sewage sludge, respectively. Such influences 
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were observed to be much less significant in the late stage of curing. The content of DOM 

was similarly increased under higher overburden pressure in both sewage sludge and lime-

amended biosolids, which is likely related to the quantity of leachate production. However, 

no significant influences from overburden pressure on the fate of OMPs, metals and 

functional groups and constituents of DOM were observed. This may be related to their 

physically-based effects on sewage sludge/biosolids properties, as found in this thesis.  

The addition of 10% and 20% lime affected the OMPs’ fate and metals’ leachability, as 

well as DOM properties over 21 and 105 days, respectively. The shear strength of biosolids 

was increased by 79% with 20% lime addition, comparing to 51% of increase for 10% lime-

amended biosolids. This indicates that the effects on the environmental and geotechnical 

properties of biosolids are dependent on the amount of lime applied, and helps to determine 

the appropriate quantity of lime to be added to sewage sludge in wastewater treatment 

based on the desired duration of the effects. This thesis was therefore to show lime-amended 

biosolids could be more applicable for disposal in land/monofill, compared to sewage 

sludge, on the basis of the reduction in availability of the OMPs, modifications in DOM 

properties and increase in shear strength. However, given the significant increase in the 

leachability of some OMPs (e.g. variously ionised OMPs) and Ni, lime amendment is not 

always an appropriate choice to pre-treat sewage sludge, in particular, when sewage 

sludge/biosolids are used in an environment of high overburden pressures. The findings 

from this thesis have provided a better understanding of the fate and distribution of OMPs 

and trace metals in biosolids, and offered guideline information to biosolids industry 

during biosolids disposal.  
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Chapter 1. Introduction and the Scope of Work 

1.1 Introduction  

The word ‘biosolids’ is a somewhat new term to describe sludge that has been properly 

treated and of good quality, which can be used on land, and to distinguish it in terms of 

public acceptance from other sewage sludge (LeBlanc et al., 2009). In New Zealand, 

biosolids are considered as sewage sludge or sewage sludge mixed with other materials that 

have been treated or stabilised to the extent that they are able to be safely and beneficially 

applied to land (Ministry for the Environment, 2003). Given the definition of biosolids, the 

untreated dewatered sludge is referred as sewage sludge, and the sludge with addition of 

additives are so-called biosolids thoroughout this thesis. The production of sewage sludge 

has grown greatly due to wastewater treatment systems capable of reducing the pollution 

in wastewater by 90% or more (LeBlanc et al., 2009). Approximately 0.3 million tonnes of 

wet sewage sludge (20 ~ 25% solid content) are produced annually in New Zealand (Clarke 

et al., 2016).  

In addition to high quantities of organic matter and high levels of trace metals (Kayser et 

al., 2011; Mosquera-Losada et al., 2010), organic micropollutants (OMPs), including 

personal care products and pharmaceuticals (PPCPs) and endocrine disrupting compounds 

(EDCs), are observed at the level of ng/kg ~ mg/kg in sewage sludge (Citulski & 

Farahbakhsh, 2010; Li & Zhang, 2010). Previous work has revealed the tendency of OMPs 

to partition onto sludge flocs (Hyland et al., 2012; Stevens-Garmon et al., 2011), and is one 

of the key factors in controlling effective removal of OMPs in wastewater treatment 

processes. The OMPs partitioned onto sludge can accumulate in sewage sludge as most of 

the OMPs persist and are not ready to be degraded (Göbel et al., 2005; Grenni et al., 2013). 

In particular, OMPs have been found to cause deleterious effects to the ecosystem at 

concentrations as low as part-per-trillion (ppt) once they enter the environment (Yongshan 
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Chen et al., 2013; Citulski & Farahbakhsh, 2010). Studies have shown increasing levels of 

OMPs from urban, industrial, agricultural, and other anthropogenic sources in aquatic and 

terrestrial ecosystems (Ayanda, 2015; Ellis, 2006). However, the occurrence and 

concentration of OMPs in sewage sludge has received little research attention, as sewage 

sludge have been a neglected aspect of WWTP for many years. Further, the fate of OMPs 

in sewage sludge landfill, when loads stacked with sewage sludge are used in land/monofill, 

has not been studied at all. 

The end use of sewage sludge is an important issue for most large cities worldwide. Simple 

disposal such as by land/monofilling is still one of the most common practices for sewage 

sludge treated in wastewater treatment plants (WWTP) in most countries. In New Zealand, 

61% and 17% of total sewage sludge are disposed of in landfill and other beneficial uses, 

respectively (Ministry for the Environment, 2007). Countries such as Australia, China, the 

U.S. and those in the European Union have also been identified as end-using of more than 

60% of their total sewage sludge in landfill and other agricultural uses (Gale, 2007; HUA 

et al., 2008; Jones-Lepp & Stevens, 2007; Matthews, 1996). Hazardous materials, e.g. 

OMPs and trace metals, contained in sewage sludge may find their way back to the 

environment via landfill leachate. Studies have demonstrated the potential of OMPs to enter 

into bodies of water due to leaching or runoff from landfill, is important potential sources 

of environmental OMPs (Clarke et al., 2015; Kjær et al., 2007). However, no studies have 

confirmed the leachability of OMPs from sewage sludge to the environment through 

landfill leachate, and the factors influencing transport of OMPs in sewage sludge have not 

been elucidated.                                                                                                      

The addition of alkaline chemicals, e.g. lime, cement and fly ash etc., is common practice 

for sterilising microorganisms, increasing pH and increasing the shear strength of biosolids, 

prior to their final disposal or reuse (Kayser et al., 2011, 2015). However, very little 

research exists on the effects of alkaline amendment on the leachability of OMPs in 

biosolids, although a previous study reported that EDCs, such as E1, E2 and BPA, can 



Chapter 1 Introduction and the Scope of Work 

3 

 

desorb from sludge due to deprotonation of EDCs molecules from biosolids by stabilisation 

with calcium hydroxide (Citulski & Farahbakhsh, 2010). The addition of alkaline additives 

also makes biosolids much more alkaline, with pH increasing from ~ 6 to ~ 12, thus altering 

the complex physical and chemical properties of biosolids, e.g. pH, organic matter and Ca 

levels, and ultimately affecting the fate of OMPs, in particular the transport of OMPs from 

biosolids to the environment. Understanding whether applying alkaline additives is also 

helpful in stopping the leaching of OMPs from biosolids to the ecosystem is particularly 

important for the safe end use of lime-amended biosolids. 

Sixteen OMPs, comprising seven PPCPs and nine EDCs, were selected for the current study 

based on their common occurrence and relatively high concentrations in sewage sludge, 

ranging from part per billion level for erythromycin to part per million level for 4-para-

nonylphenol (Chen et al., 2013; Radjenović et al., 2009; Walters et al., 2010). In particular, 

these OMPs may ultimately result in biological effects, such as phytotoxicity and toxicity 

to soil and aquatic organisms. For example, GFB may cause endocrine disruption in fish, 

and wide use of TCS can result in the development of microbial resistance to antibiotics 

(Usyskin et al., 2015). The 16 selected OMPs all include hydrophobic moieties, however 

their ability to undergo ionisation varies at pH values in the range of 4 to 9 (Schwarzenbach 

et al., 1993, 2005). The 16 OMPs are made up of ionised (DCF, ERY, GFB, NPX, and 

SMX), variously ionised (4-NP, 4-OP, BPA, E1, EE2, FLU, PMD and TCS), and non-

ionised (CBZ, PGT and TST) OMPs, depending on the values of the acidity constant (pKa) 

and n-octanol-water distribution coefficient (logKow/logD) at ambient pH. The 

physiochemical properties of the selected OMPs, including pKa and logKow/logD, which 

are of importance in relation to their fate in sewage sludge, are presented in Table 2.1. In 

this work, the leachability of the 16 selected OMPs was the focus in lime-amended 

biosolids, as the mobile fractions are most likely to enter the environment and ultimately 

result in adverse effects to human health (Kinney et al., 2006; Kjær et al., 2007). The 

leachability of PPCPs was calculated as the ratio of the mass of PPCPs in the soluble phase 
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to their total mass in sewage sludge, and is used throughout this thesis. The calculation of 

leachability was based on similar published methods when investigating the runoff or 

transport of PPCPs from sewage sludge or soil that has been supplemented with sewage 

sludge /wastewater (Chefetz et al., 2008; Wu et al., 2010).  

Recent studies have emphasised the significance of pH on the leachability of the ionised 

OMPs through its effects on their pKa and logKow/logD, as pH is found to be closely 

related to the hydrophobicity and speciation of OMPs (Borgman & Chefetz, 2013; Sabourin 

et al., 2009; Schaffer et al., 2012). The correlations found between pH and physicochemical 

properties of OMPs are summarised in Fig. 1.1. Sewage sludge has a high content of 

organic matter, which is largely composed of dissolved forms of organic matter (Leehneer 

& Croué, 2003). The dissolved organic matter (DOM) is a highly heterogeneous mixture 

of variously aggregated organic molecules (< 0.45m), which vary in size, shape, 

composition charge, hydrophobicity and aromaticity (Chen et al., 2003; Leehneer & Croué, 

2003; Ohno & Bro, 2006). Besides pH, the co-existing DOM can also influence the 

leachability of OMPs. The influence varies with changing pH through is effects on the 

interaction between DOM and OMPs, such as hydrophobic interactions, H-bonding or other 

special interactions, e.g. π-π interactions, by altering the physicochemical properties of 

DOM (Beale et al., 2013; Hernandez Ruiz, 2011a; Neale et al., 2009). In addition to pH 

and DOM, divalent cations such as Ca may also be able to influence the transport of OMPs 

by bridging the deprotonated carboxyl groups of OMPs and DOM at circumneutral pH 

(Aquino et al., 2008). The correlations between DOM and the OMPs in the presence of Ca 

and under various pH levels, summarised from the literature, are presented in Fig. 1.1. 

However, no research has investigated the influence of pH, DOM and divalent cations on 

the leachability of OMPs in one system. Understanding how these influencing factors, 

including pH, dissolved organic matter (DOM) and Ca levels, correlate with the 

physicochemical properties of OMPs would be of great help in assessing the OMPs’ 

leachability in lime-amended biosolids.  
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Figure 1.1. Schematic of correlation of physicochemical properties of OMPs and pH DOM 

and Ca (adapted from Kun Wang et al. (2018)) 

In this study, the fate of the 16 selected OMPs and five trace metals, along with related 

environmental properties, including pH, content and properties of DOM and levels of Ca 

concentrations, as well as geotechnical shear strength, were investigated in lime-amended 

biosolids as compared to sewage sludge. The focus was on the leachability of the 16 OMPs 

in lime-amended biosolids, and as a function of time. The contributions of pH, DOM and 

Ca on the leachability of the OMPs were of particular interest. The sewage sludge used in 

this work were collected from the Rotorua WWTP in New Zealand. The most common 

alkaline chemical, i.e. lime, was used as the amendment to enable comparison of the results 

of this work with previous work performed with Mangere sewage sludge in Auckland, New 

Zealand (Kayser, 2012a). Mussel shell was another amendment used in this work, as mussel 

shell is used to treat phosphate (Jones et al., 2011) and trace metals (Kim & Park, 2001), 

although its effects were not as significant as initially expected in wastewater treatment 

processes. Another incentive for the application of mussel shell is the large amount of 

mussel shell available as disposable waste in New Zealand, making it a possibly great 

solution for treating sewage sludge once it is proved to be applicable. 

The main hypothesis of the current study is: Lime amendment will modify the leachability 

of the selected OMPs and trace metals in biosolids, and changes in the interaction of DOM 

and the selected OMPs/metals at elevated pH and Ca levels, as well as the impacts on the 
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physicochemical properties of the OMPs and metals, are responsible for their leachability 

in lime-amended biosolids. In detail, the specific hypotheses and relevant objectives for 

proving each hypothesis are: 

Hypothesis 1: Modifications in the physicochemical properties of DOM and OMPs at 

elevated pH are responsible for changes in the leachability of the OMPs in lime-amended 

biosolids.  

Objectives: 

1) To assess the leachability of the selected OMPs, and the concentrations, functional 

groups and constituents of DOM in lime-amended biosolids. 

2) To assess the role of pH in the OMPs’ leachability in lime-amended biosolids. 

3) To investigate whether leachability changes with increasing pH via direct influences on 

the hydrophobicity and speciation of the OMPs, or indirect influences on concentration 

and physicochemical properties of DOM.  

Hypothesis 2: With the application of lime and overburden pressure, the OMPs interact 

differently with DOM constituents and these interactions account for the varied 

modifications in the leachability of the OMPs with elevated pH and Ca levels in biosolids.  

Objectives: 

1) To determine the OMPs’ leachability nd the physicochemical properties of DOM in 

lime-amended biosolids under 115 and 225 kPa of overburden pressures.  

2) To provide evidence of the interactions between the DOM and OMPs, and show that 

the interactions are dependent on the physicochemical properties of DOM and the 

OMPs, as well as the sources of DOM, over the pH range 5.0 ~ 11.4 and in the presence 

of Ca. 

3) To elucidate the contribution of pH, DOM-OMP interactions and the presence of Ca on 

the leachability of the OMPs in lime-amended biosolids.    
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Hypothesis 3: The higher tendency of Ni to complex with DOM components than the other 

selected metals (Cd, Cu, Pb and Zn), combined with speciation/precipitation mechanisms, 

are responsible for the most significant leachability shown by Ni in lime-amended biosolids 

under overburden pressure. 

Objectives: 

1) To determine the leachability of the selected metals in sewage sludge and lime-

amended biosolids under 115 and 225 kPa of overburden pressures.  

2) To investigate the role of DOM-metal complexation and speciation/precipitation 

mechanisms in the modifications observed in lime-amended biosolids. 

3) To provide evidence for the preferential interaction between Ni and DOM, and reveal 

the DOM constituents responsible for the interactions at pH of 5 ~ 11.4 in sewage 

sludge and lime-amended biosolids. 

Two stages of experiments, (i) batch experiments and (ii) column experiments (biorig 

experiments i.e. a column under vertical pressures), were performed to examine these 

hypotheses. The batch experiments were the first stage of our study on the leachability of 

OMPs in lime-amended biosolids. The pH is of pivotal importance in this process and batch 

experiments are advantageous in effectively studying the impact of pH over a wide range 

after equilibrium is reached in a system. In a later stage of this research project, column 

experiments combined with a series of batch experiments were carried out to further refine 

the understanding of the mechanisms of leachability in lime-amended biosolids, as well as 

to validate the results derived from the batch experiments. 

1.2 Scope of Work 

Chapter 2 summarises existing studies regarding the characteristics, stabilisation and 

disposal methods of sewage sludge, with emphasis on the occurrence and leachability of 

OMPs in sewage sludge worldwide. The chapter describes the definition and sources of 
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OMPs, gives an overview of the physicochemical properties of the 16 selected OMPs and, 

in particular, describes findings from previous studies regarding the influence of pH, DOM 

and Ca on the leachability and availability of OMPs and metals. In addition, previous 

studies on the modification of the properties of biosolids due to lime amendment are also 

included. Whilst acknowledging the contribution of previous studies, the literature review 

points out the existing gaps which led to this study. 

Next, Chapter 3 describes in detail the measurement methods used for the characterisation 

of sewage sludge and biosolids. Among the parameters studied in this work, the 

characterisation and analytical methods for DOM and the 16 selected OMPs were the focus, 

and are described in detail. For the determination of other characteristics of sewage sludge, 

including some basic properties, metals, shear strength and microstructure and mineralogy, 

both standard methods and developed methods were applied. This chapter also gives an 

overview of the wastewater treatment and sewage sludge production processes in the 

Rotorua WWTP, to provide an understanding of what leads to the different characteristics 

of sewage sludge in the Rotorua WWTP compared the Mangere WWTP.  

Chapter 4 presents recoveries, limit of detection and limit of quantification of the analytical 

methods, and concentrations of the 16 selected OMPs in sewage sludge. Levels of the five 

selected metals and shear strength, as well as some basic properties of sewage sludge, which 

were determined by techniques described in Chapter 3, are also presented. A comparison 

between characteristics of Rotorua sewage sludge and Mangere sewage sludge is made.  

Chapter 5 describes how the selected additives, including mussel shell, lime, and a mixture 

of lime and mussel shell, influenced the extractability of OMPs and metals, transformation 

of organic matter and shear strength. As a result of the investigations, lime was selected as 

the amendment for use in the following sections, to study how lime affected the fate of 

OMPs in biosolids over 63 days. 

Chapter 6 mainly presents comparisons of the leachability of the selected PPCPs in sewage 

sludge and lime-amended biosolids as a function of time. The fate of the PPCPs in the solid 
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phase of sewage sludge and lime-amended biosolids over time is also presented and 

discussed. The emphasis is on the impacts of pH and DOM on the leachability of the OMPs 

over time and after lime amendment. In combination with the outcome of a batch 

experiment at the pH range 5.5 to 11.5, the results initially pointed to changes in the DOM 

functional groups and composition due to elevated pH as possibly being related to 

modification in the leachability of the selected PPCPs after lime amendment.  

Chapter 7 presents and discusses the results regarding the OMPs’ leachability and the 

leachate quality in sewage sludge and lime-amended biosolids, under overburden pressures 

for 105 days. The results derived from batch experiments in regard to the correlation 

between pH, DOM and Ca and the leachability of the OMPs are shown and discussed in 

detail. The impacts of the lime amendment on the overall fate of the selected OMPs, 

including leachable forms in soluble phase, extractable forms in solid phase, as well as 

other types of transformation, are discussed. In addition to the environmental properties of 

biosolids, the improvement in the shear strength and microstructure of biosolids after lime 

amendment under overburden pressures were also determined and are presented in this 

chapter. 

Chapter 8 describes the changes in the leachability of the selected metals in biosolids with 

lime amendment and application of overburden pressures. These results together with the 

findings obtained from additional batch experiments are presented to enable a better 

understanding of the mobile behaviour of the selected metals in lime-amended biosolids. 
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Chapter 2. Literature Review  

2.1 Introduction  

This chapter gives a comprehensive introduction to the definition, sources, and 

physicochemical properties of organic micropollutants (OMPs), as well as characteristics, 

amendment and handling of sewage sludge in middle and high-income countries, with a 

special focus on New Zealand. The emphasis is on the leachability of organic 

micropollutants (OMPs) in sewage sludge, and the influences of organic matter/dissolved 

organic matter (DOM) and Ca on their leachability with changing pH. 

Some of the research work referenced relates to soil or biosolids/biosolids amended soil, as 

well as sewage sludge. There are three reasons for this: 1) limited number of studies found 

on the OMPs’ leachability, and factors influencing the leachability in sewage sludge; 2) 

sewage sludge show similarities to the basic composition of inorganic matter and organic 

matter in the soil or the sludge amended soil, suggesting that the mobility/sorption 

behaviours of OMPs in soil or biosolids amended soil could be relevant when OMPs are 

studied in sewage sludge; and 3) OMPs may ultimately find a way of entering the 

environment (e.g. soil and water) through landfilling of sewage sludge, and thus the OMPs 

in soil may be considered a benchmark for comparison with the OMPs in sewage sludge 

studied in this work. 

2.2 Characteristics of the Selected OMPs 

2.2.1 Definition of Organic Micropollutants (OMPs) 

A threat resulting from substances that we use on a daily basis, as a result of improvements 

in industrial, medical and household products and application, has been widely realised and 

these substances are so-called ‘emerging contaminants’ (Eljarrat et al., 2013; Semblante et 

al., 2015; Tijani et al., 2013). These emerging contaminants are organic compounds, and 
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significant percentages of these original contaminants can be excreted unchanged via urine 

or faeces and enter the wastewater stream (Jelic et al., 2011b; Wu et al., 2009), or 

agriculturally-derived wastewater (Kolpin et al., 2002). In particular, rapid technological 

advancement, rapid growth in the human population, poor agricultural practices and rapid 

urbanisation coupled with global climate change have ultimately led to pollution of both 

aquatic and terrestrial environments by emerging contaminants, which have not been seen 

before (Johnson et al., 2008; Maggie & Menachem, 2007). Emerging contaminants are 

commonly present in the environment in small concentrations at ng/L to µg/L level in 

natural water and wastewater (Ayanda, 2015; Sui et al., 2010), and µg/kg to mg/kg level in 

soil and sludge (Radjenović et al., 2009; Wu et al., 2009). They are thereby are also referred 

as ‘organic micropollutants’ (OMPs) in many studies (Vakondios et al., 2016; Walters et 

al., 2010). Amidst the large variety of OMPs, pharmaceutically active compounds, personal 

care products, steroidal hormones and household chemicals have been highlighted due to 

their common occurrence and endocrine-disrupting properties (Kasprzyk-Hordern et al., 

2009; Kinney et al., 2006; Stevens-Garmon et al., 2011). The various types of OMPs are 

presented in Fig. 2.1.  

 

Figure 2.1. Scheme of PPCPs and EDCs (adapted from Caliman and Gavrilescu (2009)) 

 In the vast array of anthropogenic contaminants, pharmaceuticals are among the ones with 
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the most continuous input into the aquatic and terrestrial environment (Ding Y et al., 2011; 

Wu et al., 2009), since daily administration of pharmaceuticals is common practice for 

human disease control and treatment. Pharmaceuticals are absorbed by organisms and 

undergo metabolic reactions such as hydroxylation, cleavage and glucuronidation after 

intake. However, large fractions of the administered dosage of pharmaceuticals are not 

metobilised in the human body, causing high percentages of the original substance or 

bioactive metabolites to be excreted via urine or faeces and ultimately enter the wastewater 

stream (Leclercq et al., 2008; Thomas A. Ternes, 1998). In the U.S., approximately 12,000 

prescription pharmaceuticals and more than 100,000 over-the-counter pharmaceuticals 

were distributed for human consumption in 2012 (FDA, 2013). Personal care products 

(fragrances, sunscreens, antimicrobials, etc.) encompass an even wider range of compounds. 

Many of these compounds have been detected in various surface and ground water and 

sewage sludge over the past decade (Arukwe et al., 2012; Kümmerer, 2001; Kuroda et al., 

2012; Padhye et al., 2014; Water & Association, 2003). Collectively, contaminants 

including pharmaceutically active compounds and personal care products are referred to as 

‘pharmaceuticals and personal care products’ (PPCPs).  

Another classes of natural and man-made chemicals, including alkyl-phenols, dioxins, 

synthetic birth control pills, plasticisers and phenolic products, are also widely used for 

human medications, household products and animal farming (Jackson & Sutton, 2008), 

resulting in free uncharged or conjugated forms of these compounds being discharged into 

aquatic systems daily (Gong et al., 2011; Vicent et al., 2011). These compounds are 

commonly known as endocrine disrupting compounds (EDCs), since most of them have 

been confirmed as disrupting endocrine function in wildlife and human populations, or 

having adverse endocrine-related effects on human and animal organisms (Gong et al., 

2011; Tremblay & Northcott, 2013). In Europe, EDCs have been defined as ‘exogenous 

substances that cause adverse health effects in an intact organism, or its progeny, secondary 

to endocrine function’ (Commission, 1996). There is currently no comprehensive list of 
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EDCs, since more than 87,000 new chemicals in the market have not been tested for their 

endocrine toxicity (Kim et al., 2007). However, over 38,000 chemicals and potential toxic 

compounds have been identified as potential EDCs in the past few decades, given their 

adverse endocrine impacts on human and animal organisms revealed in many tests and 

studies.  

Many PPCPs and EDCs have the potential to cause chronic disorders, since they can affect 

and disturb normal activities of living organisms, even though present in small 

concentrations (Mills & Chichester, 2005). For example, EDCs may block hormonal 

growth in the endocrine system and affect the physiological activity of endogenous by 

altering the metabolism of natural hormones, modifying hormone receptors in a cell, and 

interference or binding to receptors of the endocrine system (Tijani et al., 2013). For PPCPs, 

the major concerns are the microbial resistance, chemical persistence and synergistic 

effects reported in many studies (Baquero et al., 2008; Tijani et al., 2013). However, the 

vast majority of people are still ignorant or not aware of the health risks associated with 

exposure to OMPs. Although more than 140 OMPs of different recommended classes have 

been detected at various levels in different countries worldwide, no strategies or policies 

have established to regulate the release of these contaminates so far (Fent et al., 2006; 

Heberer & Feldmann, 2005; Kümmerer, 2001).  

Once being excreted to wastewater, OMPs or their toxic metabolites or conjugates are not 

able to be completerly removed, as currently operating wastewater treatment plants are not 

designed for effective removal of OMPs. As a result, a portion of the OMPs may be retained 

and adsorbed onto activated sludge (Citulski & Farahbakhsh, 2010; Jørgensen & Halling-

Sørensen, 2000). Most activated sludge is treated to produce sewage sludge, and this 

process undoubtedly introduces and accumulates wastewater OMPs into sewage sludge, 

the occurrence and concentration of OMPs in sewage sludge worldwide is presented in 

Table 2.2. To date, little work has been conducted to systematically track the presence, 

concentration and fate of OMPs in sewage sludge in New Zealand. There are also no 
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regulations and laws for OMPs in sewage sludge over the process of final disposal or 

beneficial use of sewage sludge. The results of the current study on the fate of the OMPs 

in sewage sludge may provide useful information for future regulation of OMP levels in 

sewage sludge, and technical support for improvement of sewage sludge properties and 

reduction of sewage sludge hazards.  

2.2.2 Physicochemical Properties of Sixteen Selected OMPs 

During wastewater treatment process, OMPs may sorb on sludge, which has been reported 

to be one of the most important mechanisms for removing OMPs in wastewater effluent. 

The sorption of OMPs on sludge largely depends on their physicochemical properties, e.g. 

chemical structure, hydrophobicity and ionisation, which can be quantified using the 

octanol-water partitioning coefficient (logKow) and acidity constant (PKa) (Hyland et al., 

2012; Semblante et al., 2015; Stevens-Garmon et al., 2011; Suárez et al., 2008), as 

quantified by the equations below: 

𝑙𝑜𝑔𝐾𝑜𝑤 =
[𝐻𝐴]0

[𝐻𝐴]𝑤+[𝐴−]𝑤
                            Eq (2-1) 

𝑃𝐾𝑎 = 𝑝𝐻 − 𝑙𝑜𝑔
[𝐴−]𝑤

[𝐻𝐴]0
                            Eq (2-2) 

where [HA]0 is the concentration of the un-ionised form of the OMP partitioned to solid 

particles, and [HA]w and [𝐴−]𝑤 are the concentrations of the unionised and ionised forms 

of the OMP partitioned in aqueous phase respectively, when the octanol-water system is in 

equilibrium at a given pH and temperature.  

A large number of OMPs are known to have a high tendency to partition to organic matter 

in activated sludge, which can be predicted using logKow (Barton, 1987; Schwarzenbach 

et al., 2005), and these model are effective in predicting the nonspecific interactions 

between organic matter and chemical contaminants. Similarly, it has been found that 

hydrophobic interactions are of pivotal importance to the sorption between neutral OMPs 

and the organic components of sludge (Zhang et al., 2012). It was  reported that the 
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antibiotics’ hydrophobicity is positively correlated with its sorption to the secondary sludge 

from different wastewater treatment plants, with the total organic carbon ranging from 7 to 

45% (Li et al., 2013). In other words, it could be concluded that the greater the values for 

logKow, the more OMPs sorb upon organic matters of sludge. Conversely, leaching of 

OMPs from the soil or sediment may be attributed to low levels of logKow (Tijani et al., 

2013). The mathematical expression detailed below may be used to predict if OMPs will 

be sorbed onto sediment or sludge, or dissolved in aqueous system (Caliman & Gavrilescu, 

2009; Jones-Lepp & Stevens, 2007): 

1) If logKow < 2.5, the OMP compound presents low sorption potential; 

2) If 2.5 < logKow < 4.0, the OMP compound presents medium sorption potential; 

3) If logKow > 4, the OMP compound presents high sorption potential. 

However, the value of logKow may be more applicable for predicting the hydrophobicity 

of the non-ionised OMPs, based on its definition and Eq (2-1). It was reported that the value 

of logKow may only reflect the hydrophobicity of the neutral species of OMPs, and is likely 

to be inadequate for use in the case of both ionised and non-ionised OMPs (Melanie Kah 

& Brown, 2008; Melanie Kah et al., 2017). In the same studies, the parameter logD, which 

is derived from logKow, was proposed as a useful alternative to logKow, since logD 

accounts for the partitioning of both neutral and ionic species of PPCPs. In this thesis, 

logKow and logD are used respectively to indicate the hydrophobicity of the non-ionised 

and ionised/variously ionised OMPs, to study their correlation with the OMPs’ leachability 

in lime-amended biosolids. The values of logD are calculated by the following formulas, 

as listed in Table 2.1.  

For acidic OMPs: 

𝑙𝑜𝑔𝐷 = 𝑙𝑜𝑔𝐾𝑜𝑤 + log
1

1+10𝑝𝐻−𝑝𝐾𝑎
              Eq (2-1) 

For basic OMPs: 

𝑙𝑜𝑔𝐷 = 𝑙𝑜𝑔𝐾𝑜𝑤 + log
1

1+10𝑝𝐾𝑎−𝑝𝐻              Eq (2-2) 
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Table 2.1. Class, usage and physicochemical properties of the 16 OMPs 

OMPs Abbreviation Use 
Solubility 

(mg/L) 
pKa17 

logKow18 logD 

Structure (pH =7) pH 

5~7 

pH 

8~11 
pH 5~7 pH 8~11 

Diclofenac DCF Anti-arthritic 
102,0001 

(pH>8.5) 
4.0 1.6 1.3 N/A N/A 

 

Gemfibrozil GFB Anti-cholesterol 
5.44 

(pH>7.5) 
4.7 2.8 1.4 N/A N/A 

 

Naproxen NPX Analgesic 
204,0005 

(pH>8.5) 
4.2 1.0 -0.04 N/A N/A 

 

Sulfamethoxazole SMX Antibiotic 3806 6.2 0.6 0.07 0.7 0.2 
 

Triclosan TCS Antibiotic 9.613 8.1 5.0 3.1 2.9 N/A 

 

4-tert-octylphenol 4-OP Surfactant 12.67 12.9 4.5 2.5 5.5 3.5 

 

4-para-nonyphenol 4-NP Surfactant 5.438 10.3 5.8 5.5 6.8 6.5 
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17-α-ethinyl estradiol EE2 
Synthetic 

Estrogen 
3.99 10.3 3.8 2.5 4.8 3.5 

 

Bisphenol A BPA Plasticizer 12010 9.7 4.0 3.0 5.0 4.0 

 

Estrone E1 Estrogen 0.8~12.411 10.3 4.3 3.5 5.3 4.5 

 

Primidone PMD Anti-seizure 50012 11.5 1.1 1.9 2.1 2.9 

 

Erythromycin ERY Antibiotic 1.42 8.3a -0.1 3.0 -0.05 3.0 

 

Fluoxetine FLU Anti-depressant 60.33 9.8a 1.5 4.2 2.5 3.0 
 

Carbamazepine CBZ Anti-seizure 12514 13.9 2.7 2.7 2.7 2.7 
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Progesterone PGT Progestagen 8.8115 - 4.1 4.1 - - 

 

Testosterone TST Androgen 18~2516 - 3.3 3.3 - - 

 
  1, 4, 5, 6, 14, (Borgman & Chefetz, 2013) 

  2 (Bhat et al., 2008) 

3 (Kinney et al., 2006) 

  7, 8, 10 (Ying et al., 2003) 

  9, 11, 15,16 (Yang et al., 2012) 

  12 (Lin et al., 2011) 

  13 (Durán-Álvarez et al., 2012) 

  17, 18 calculated by: http://www.chemicalize.org/ 

 

http://www.chemicalize.org/
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In the case of a large group of OMPs, electrostatic interactions/repulsion combined with 

hydrophobic interactions contribute to the sorption behaviour of these OMPs in 

biosolids/sludge systems (Hyland et al., 2012; Jianmin Wang et al., 2000). Similarly, 

hydrophobic interaction and electrostatic attraction both contribute to the sorption of OMPs 

to sewage sludge, as it has previously been found electrostatic conditions can facilitate 

hydrophobic interaction in some cases (Urase & Kikuta, 2005). The fact that the 

predominant form of OMPs exists at environmental pH (~ 7), which is important for 

electrostatic attraction/repulsion, appears to be a function of pKa (Schwarzenbach et al., 

1993).  

1) If the pKa of an OMP compound is in the range of 0 ~ 3, it is considered as a strong 

organic acid and presents completely as anions in natural environment.  

2) For the OMPs classified as weak acid, normally with higher pKa values of 4 ~ 9, 

such acids will be present partially in their dissociated form in the natural 

environment.  

3) When the pKa value is above 10, such OMPs are considered as very weak organic 

acids, and will exist primarily in their non-dissociated forms in the natural 

environment.  

4) If the pKa value of conjugate acid is above 11, such OMPs are considered as neutral 

bases, and will be present predominantly as cations in the natural environment.    

The sludge/biosolids surface is normally negatively charged under typical biological 

conditions of pH 7, as the pH of the isoelectric point (pI) is 2.9 (Jianmin Wang et al., 2000). 

Hence, the OMPs that are in the weak organic acid or neutral base groups tend to have high 

sorption onto sludge. In contrast, the strong organic acids present insignificant partition 

onto sludge due to electrostatic repulsion between negatively-charged OMPs and sewage 

sludge surfaces (Hyland et al., 2012; Stevens-Garmon et al., 2011; Tülp et al., 2009; 

Tenenbaum et al., 2014). However, another study reported high sorption between 

negatively-charged chorophenols and biosolids/sludge via hydrophobic binding, although 
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electrostatic repulsion was expected (Calace et al., 2002). Similarly, some positively-

charged OMPs have been found to exhibit low sorption to sludge due to their hydrophilic 

nature (Stevens-Garmon et al., 2011). These findings suggest that the sorption behaviour 

of the OMP is more likely a result of the combined effects of hydrophobic interaction and 

electrostatic attraction/repulsion, which are closely correlated with the values of 

logKow/logD and pKa, rather than their individual effects in sludge or biosolids. 

Additionally, in some other cases specific interactions, e.g. ion exchange, cation bridge, 

and hydrogen bonding to organic matter may occur and govern the sorption mechanism for 

the OMPs, depending on both the physicochemical properties of the OMPs and 

biosolids/sludge (Caliman & Gavrilescu, 2009; Shen et al., 2012). Similarly, other studies 

have reported that hydrophobicity parameters such as the logKow/logD are insufficient 

predictors of the OMPs’ sorption to wastewater-derived organic matter, because the 

intermolecular association between the OMPs and organic matter, such as hydrogen 

bonding and cation bridge, apart from the hydrophobic effect, can affect the bonding to 

organic matter of these relatively polar compounds (Hernandez-Ruiz et al., 2012a; Pan et 

al., 2009). It was also previously reported that the adsorption between estrone and activated 

sludge is thought be driven by hydrogen bonding, given the structural properties of both 

estrone and sludge organic matter molecules (Nghiem et al., 2002). Details of the 

correlation of influencing factors and sorption of OMPs are shown in Section 2.4. 

In this work, 16 OMPs were selected, based on their common occurrence and relatively 

high concentrations, ranging from parts per billion for erythromycin to parts per million for 

4-para-nonylphenol in sewage sludge (Chen et al., 2013; Radjenović et al., 2009; Walters 

et al., 2010). These OMPs in particular may ultimately result in biological effects, such as 

phytotoxicity and toxicity to soil and aquatic organisms. For example, GFB may cause 

endocrine disruption in fish and wide use of TCS can result in the development of microbial 

resistance to antibiotics (Usyskin et al., 2015). Specially, the 16 selected OMPs contain 

both hydrophobic and hydrophilic moieties, and they undergo different levels of 
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dissociation at ambient pH of 4 ~ 9, depending on the values of logKow/logD and pKa 

(Schwarzenbach et al., 1993, 2005). These 16 OMPs represent ionised (DCF, ERY, GFB, 

NPX, and SMX), variously ionised (4-NP, 4-OP, BPA, E1, EE2, FLU, PMD and TCS), 

and non-ionised (CBZ, PGT and TST) OMP families with low to high levels of 

hydrophobicity, and cover all currently known groups of OMPs. Through the investigation 

carried out and presented in this thesis may provide a relatively comprehensive picture of 

occurrence and fate of a wide range of OMPs for future research and regulation of OMPs 

contained in sewage sludge.  

2.3 The Characteristics and Handling of Sewage Sludge 

2.3.1 Selected OMPs and Metals in Sewage Sludge 

The production of sewage sludge has increased significantly in recent times, partly as a 

consequence of the growing number of new wastewater treatment plants built to achieve 

water quality standards before discharging treated effluent into the environment. For 

example, the production of sewage sludge is 7.2 million t/year in the U.S., 0.36 million 

t/year in Australia, and 3 ~ 4.2 million t/year in China (LeBlanc et al., 2009). In New 

Zealand, the annual sewage sludge production is 0.046 million t/year, proportionally less 

than that of other countries worldwide. Differences in sewage sludge production can be 

closely related to the population, wastewater treatment processes and sewage sludge 

production processes in different countries worldwide.  

Characteristics of sewage sludge vary around the world, as their properties depend on the 

composition and treatment processes for wastewater. However, sewage sludge commonly 

contain high levels of water (300 ~ 500 %) and organic matter (> 60 ~ 80%), and have low 

shear strength (< 10 kPa) (Kayser et al., 2011). More importantly, hazardous contaminants, 

e.g. OMPs and trace metals, are frequently found at trace to high levels in sewage sludge. 

A wide range of previous studies have shown the tendency for many OMPs and metals to 

part to the sludge flocs and accumulate in sewage sludge during conventional wastewater 
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treatment processes (Ashworth & Alloway, 2008; Hörsing et al., 2011; Hyland et al., 2012; 

Stevens-Garmon et al., 2011). Additionally, the technologies currently used in wastewater 

treatment are effective at removing suspended solids, some organic matter and pathogens, 

but only partially remove nutrients and metals (Hamza R A et al., 2016; Vicent et al., 2011). 

In particular, traditional wastewater treatment processes are not designed to remove OMPs. 

In most cases, high removal efficiencies for hydrophobic OMPs may be as a result of the 

sorption and sedimentation of the OMPs into the sludge (Walters et al., 2010). The fate of 

parent OMPs, conjugates and metabolites have previously been summarised as: (i) 

completely transformed or mineralised (Clara et al., 2005; Urase & Kikuta, 2005) ; (ii) 

persistent, implying that a certain amount of the substances, depending on the 

hydrophobicity or their binding possibilities, will be retained in the sewage sludge 

(Schwarzenbach et al., 2005; Stevens-Garmon et al., 2011); or (iii) persistent and polar, 

thereby being released with the effluent to aquatic environments (Jørgensen & Halling-

Sørensen, 2000; Kasprzyk-Hordern et al., 2009). Among the 16 selected OMPs, 10 OMPs 

have medium to strong hydrophobicity based on their logKow/logD values, and 11 OMPs 

are predominantly present in cation and neutral forms at ambient pH. Specifically, more 

than half the selected OMPs are hydrophobic and present as neutral forms, indicating they 

are most likely to be found in sewage sludge rather than being completely 

removed/remained in wastewater treatment processes. The concentrations of the selected 

OMPs in sewage sludge worldwide are presented in Table 2.2. 

It is worth noting that the occurrence, concentration and fate of trace metals in sewage 

biosolids/sludge has been extensively studied (Genç-Fuhrman et al., 2007; Hseu, 2006; Li 

et al., 2001), while relevant research on OMPs in sewage sludge is very limited, thus 

providing one initiative for the focus on OMPs in this thesis. In this chapter and throughout 

the thesis, emphasis and further discussion will highlight the OMPs, including their 

occurrence, concentration, physicochemical properties and fate, with the purpose of 

establishing an understanding of OMPs’ transport behaviours in sewage sludge. In the case 
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of trace metals, the investigations are basically related to the correlation between the metals’ 

leachability and sewage sludge chemistry, which have not been fully interpreted in previous 

studies, in order to make a comprehensive assessment of the hazards of sewage sludge when 

ultimately end-used of in environment. For example, the trace metals contained in sewage 

sludge could be entering the environment through runoff of sewage sludge applied to land 

or/and agricultural sites, landfill leachate etc, which will be further discussed in the Section 

2.5. Therefore, it is crucial to understand the meachanisms responsible for the leachability 

of the trace metals in sewage sludge.   

From Table 2.2, it is clear that sewage sludge contain various concentrations of the selected 

OMPs, which are closely related to levels of usage of OMPs, wastewater sources and 

sewage sludge treatment processes, and in particular the physicochemical properties of 

these OMPs (Yongshan Chen et al., 2013; Göbel et al., 2005; Karvelas et al., 2003; Nieto 

et al., 2010). For example, it was found the relatively low concentrations of TCS in China 

could be due to their lower use (Yongshan Chen et al., 2013). Another study similarly 

reported that the various concentrations of commonly occurring OMPs are related to 

wastewater and sludge treatment processes (Jelic et al., 2011b; Sui et al., 2010). This 

finding is supported by another study showing rough relationships between the presence of 

anthropogenic pollutants and basic characteristics of wastewater treatment systems (Batt et 

al., 2007). The physicochemical properties of OMPs also affect their presence. For example, 

4-NP is found at much higher levels in New Zealand sewage sludge, which could be 

attributed to its persistence and strong sorption capacity in sewage sludge (Löffler et al., 

2005). The OMPs contained in sewage sludge may enter the ecosystem and cause adverse 

effects after final disposal or beneficial use of sewage sludge, in particular over a long 

period. Understanding the fate of OMPs, especially the fractions of these contaminants that 

can potentially enter water bodies, are key to be safely disposed of sewage sludge.  
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Table 2.2. Concentrations of the selected organic micropollutants in sewage sludge worldwide 

Country 

Concentration (µg/kg, DM) 

DCF ERY FLU GFB NPX SMX 4-OP 4-NP EE2 BPA E1 PMD TCS CBZ PGT TST 

New1 

Zealand 
2.1 n.d.8 -9 n.d. 5.5 0.7 135 32,000 <1.8 <50 1.4 - <100 n.d. - - 

Australia2 - 45~51 - 2700~29375 538~1564 - n.d.~10.9 21~406 n.d. 89 17.5~4.5 - 5580 6~9 - - 

China3 ~90 ~95 - ~30 - ~35 - 50~530 
n.d. 

~3230 
85~139 10~23 - 200~1188 ~100 - - 

Germany4 - n.d. - - - 430 77~201 2517~3675 5 4~325000 - - 400~8800 - - - 

Greece5 n.d. - - - 54 - - 110 n.d. 30~620 n.d. - 13~412 - - - 

Spain6 143~209 6~111 72~123 25~119 4~6 0.6~28 - - 14~95 - n.d. - 418~1508 34~80 - - 

UK                 

U.S.A7 10~23 81.5 171 152 119 n.d.~35.9 - - n.d. - 30~1000 - 12640 163 110~1000 120~1010 

1, (Stewart et al., 2014a) 
2, (Khan & Ongerth, 2002; Tan et al., 2007; Ying & Kookana, 2007) 
3, (Yongshan Chen et al., 2013; Yu et al., 2011; Zhou et al., 2012) 
4, (Bester, 2005; Bolz et al., 2001; Göbel et al., 2005; Meesters & Schröder, 2002), 
5, (Stasinakis et al., 2008; Vakondios et al., 2016), 
6, (Jelić A et al., 2009; Martín et al., 2010; Radjenović et al., 2009),  
7, (Citulski & Farahbakhsh, 2010; Ding Y et al., 2011), 
8, n.d. No data found. 9, not detected.  



Chapter 2 Literature Review 

26 

 

2.3.2 Lime Amendment of Sewage Sudge 

Lime amendment is one of the common treatment options for sewage sludge producers, to 

enable them to meet recommendations for Class A or Class B biosolids, in which the 

concentration of all the contaminants are below the required level (Federation, 2008). For 

example in New Zealand sewage sludge manufacturing processes, for beneficial purpose, 

the addition of sufficient lime or lime mixtures to the sewage sludge to raise the pH to 12 

or more has been largely used to destroy or inhibit the pathogens present (Wang et al., 2008; 

Water & Association, 2003). In the UK, treatment processes including lime stabilisation 

are used to significantly reduce pathogens for production of Class B biosolids (Matthews, 

2000). In some European countries such as Germany, lime is added followed by the 

biosolids being anaerobically digested to further stabilise them by preventing the activity 

of microorganisms (Kelessidis & Stasinakis, 2012). Additionally, in the U.S as well as New 

Zealand, lime has also been used to increase the stability of landfilling sewage sludge, since 

lime has more inherent shear strength than sewage sludge (Kayser, 2012a; Reinhart et al., 

2005). Another study reported the addition of lime also has the benefit of increasing the 

level of dry matter present, making handling of the final product easier (Ministry for the 

Environment, 2003). 

With the addition of lime to sewage sludge, an instantaneous reaction occurs that is capable 

of reducing the water content and releasing calcium ions (Ca) and hydroxyl anions (OH-) 

to form calcium hydroxide (Ca(OH)2) (Lee et al., 2002). As a result, the pH of lime-

amended biosolids is significantly increased. A slow reaction between Ca(OH)2 and clay 

particles (SiO2 or Al2O) follows, called the pozzolanic reaction (Boardman et al., 2001). 

This reaction is the solidification process for biosolids. It enhances the shear strength of 

biosolids, as found in a series of studies of the reaction when mixing lime and sewage 

sludge (Kayser et al., 2011, 2015; Lim et al., 2002; Samaras et al., 2008). In addition to the 

pozzolanic reaction, Ca(OH)2 is able to further react with CO2 present in sewage sludge to 

form calcium carbonate (CaCO3). The formation of CaCO3 has been reported to take up 
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about 8% of the wet mass of lime-amended biosolids under 225 kPa overburden pressure 

after 84 days of curing, a process strongly associated with the enhancement of shear 

strength (Kayser, 2012a). 

At the same time, leachate produced from biosolids increases due to reduction in the water 

holding capacity of the amended biosolids (Kayser, 2012a; Zhang et al., 2007). Lime 

addition may also alter the quality of leachate. For example, one study found lime addition 

increased levels of insoluble and less mobile forms of Cr, Cu, Ni, Pb and Zn in biosolids, 

thereby reducing their leaching potential (Chaudhuri et al., 2003). However, another study 

reported the concentrations of Cu, Ni and Zn increased by up to 4.0, 11.5 and 9.7 times that 

for biosolids leachate after lime amendment (Kayser et al., 2015). The differences in the 

effects of lime addition on levels of metals may be related to the properties of sewage sludge, 

or the amount of lime applied in two studies. This can be supported by a study showing 

soluble forms of Cr, Cu, Pb and Zn are closely related to the amount of lime mixing with 

sewage sludge, specifically, the effects of lime are dependent on the sewage sludge organic 

matter content and properties (Hsiau & Lo, 1997). 

 

Figure 2.2. FTIR spectra of a) dewatered sludge, b) anaerobically digested sludge, and c) 

2-year-old landfill sludge with Ca(OH)2 (adapted from Smidt and Schwanninger (2005)). 
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Importantly, the content and properties of sewage sludge organic matter can be modified 

with the addition of lime due to the increase in pH, since most of the functional groups of 

organic compounds are sensitive to pH changes (Alvarez-Puebla & Garrido, 2005; Elzinga 

et al., 2012; Hay & Myneni, 2007; Smidt & Schwanninger, 2005; Sweity et al., 2011). In 

separate studies, the total organic carbon (TOC) of leachate increased after lime amendment 

due to the dissociation of carboxylic and phenolic groups of organic components occurring 

at high pH, compared to that in sewage sludge leachate (Karlik, 1995; Kayser et al., 2015). 

Another study found that the functional groups at peaks of 1545 cm-1 (amides II) were 

absent, and a peak at 875cm-1 (carbonate) was present in the sludge with the addition of 

Ca(OH)2, compared to sludge without Ca(OH)2, as shown in Fig. 2.2. In addition, the 

intensities of the functional groups at peaks of 1635 cm-1 (amides I) reduced, while an 

increase was found for the functional groups at peaks of 1425 cm-1 (symmetric stretching 

of C=O in COO-) in the Ca(OH)2-amended sludge (Smidt & Schwanninger, 2005). It 

should be noted that inorganic carbonate, i.e. CaCO3, may also contribute to the functional 

groups at peak 1425 cm-1 (Fig. 2.2), in addition to organic bands in Ca(OH)2-amended 

sludge (Ena Smidt & Parravicini, 2009). The changes in the functional groups, as described 

above, could be closely related to the dissociation of carboxylic groups, conformational 

changes of amide groups and formation of calcium carbonate (CaCO3) with increasing pH. 

This is consistent with a previous study showing the secondary proteins (e.g. 1635 and 1540 

cm-1 in Fig. 2.2) changed from helical conformation to an unordered random coil, in 

addition to dissociation of carboxylic groups present in microbial extracellular polymeric 

substances (EPS), at high pH (Omoike & Chorover, 2004; Wang et al., 2012).  

Mussel shell is a popular food waste by-product in New Zealand. It is calcium carbonate-

rich material, due to the middle and innermost layers of mussel shell being composed of 

CaCO3 (Arjan Abeynaike et al., 2011). The annual production of mussel shell has been 

estimated to be up to 100 800 t (Barnaby, 2004). Benefits will be gained if mussel shells 

are used to design products or further processed, which may allow mussel shells to be 
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employed for other applications. Previously, mussel shell has been applied to treat 

eutrophic water, as the shell can be used to effectively remove phosphate from wastewater 

through sorption mechanisms (Chen et al., 2012; Currie et al., 2007; Jones et al., 2011). 

Mussel shell has also been used to treat wastewater with high concentrations of metals. The 

potential of mussel shell for removing metals, pesticides and PCBs has been proved during 

the wastewater treatment processes (Zuo et al., 2001). It was similarly reported that mussel 

shell could remove more than 70% of metals from a solution of synthetic groundwater 

(Wantanaphong et al., 2005). In New Zealand, some studies have shown that green-lipped 

mussel shell is very effective at capturing Zn and Cu in stormwater, mainly due to its 

adsorption and ion exchange effects (Auckland Council, 2010; Kim & Park, 2001; Tudor 

et al., 2006). These applications and benefits described above enable musel shell could be 

a potential additive to modify sewage sludge properties and reduce sewage sludge hazards 

in New Zealand.  

There are other types of stabilisation of sewage sludge, including aerobic/anaerobic 

digestion, heat treatment and composting, as well as the addition of other additives, e.g. fly 

ash and cement. For example, in a previous study industrial by-products, e.g. fly ash, lime 

kiln dust and two slags, were used to treat anaerobically digested biosolids with the result 

that shear strength and pH significantly increased (Kayser et al., 2011). In most European 

countries, anaerobic digestion is the most commonly used method to stabilise sewage 

sludge, while in some small wastewater treatment plants (WWTPs) aerobic digestion is 

also applied (Fytili & Zabaniotou, 2008). Innovative stabilisation techniques, such as a 

combination of mesophilic and thermophile anaerobic digestion, have been applied to 

improve the properties of sewage sludge in more than 20 German WWTPs (Kelessidis & 

Stasinakis, 2012). Although these techniques, as described above, have proved capable of 

improving the properties of sewage sludge, they are not easily applicable to the Rotorua 

WWTP in New Zealand. For one thing, Rotorua is not an industrial city, which means 

industrial waste is not an issue as in other cities, e.g. Auckland. For another, the application 
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of either anaerobic digestion or aerobic digestion requires the construction of new facilities 

and learning new technologies, which is not economically viable. Additionally, some 

additives such as cement are relatively expensive and cheaper alternatives are preferred in 

most WWTPs. Lime is currently added to the aeration tank during the biological process 

of wastewater treatment in the Rotorua WWTP to maintain the pH of the wastewater, which 

indicates the amendment of sewage sludge with lime could be much more practical and 

compatible with the current situation in the Rotorua WWTP.  

In this study, lime was used to mix with Rotorua sewage sludge, with the aim of improving 

the properties, and reducing the hazards and handling difficulties of sewage sludge. Further, 

because lime amendment of sewage sludge is common practice worldwide, the results 

derived from this study can be compared with previous findings, which may contribute to 

the wider picture for the safe management and reuse of sewage sludge. In consideration of 

the popularity of reusing and recycling waste, and the economic aspects and benefits of the 

previous utilisation of mussel shell in New Zealand and other countries, mussel shell was 

chosen as another additive for investigating its effects on amending sewage sludge. The 

effects of lime and mussel shell on the properties of sewage sludge, in particular the fate of 

the selected OMPs, will be presented in the following chapters. 

2.3.3 Handling of Sewage Sludge Worldwide 

Increasing attention has been drawn to the management of sewage sludge, due to the 

significant quantities of sewage sludge produced annually in wastewater treatment plants 

worldwide. While reportedly sewage sludge take up only 1  2% of the total volume of 

wastewater, their disposal and management can be the biggest cost in wastewater treatment 

processes (Andreoli et al., 2007). At present, common practices of handling sewage sludge 

include incineration, land/agricultural application, composting, landfilling and land 

rehabilitation or reclamation. The choice for the end disposal or management of sewage 

sludge depends on the characteristics of sewage sludge, availability of space and specific 

national regulations (Wang et al., 2008). Among the options for handling of sewage sludge, 
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land/monofilling is one of the most frequently used solutions to dispose of sewage sludge 

in a number of countries worldwide due to its relatively low cost. However, landfilling is 

becoming difficult as a result of reduced land availability, increasing compliance costs, 

public opposition, the large volume of leachate production and greenhouse emission 

concerns (Campbell-Board, 2005; USEPA, 1995). There is a potential for the beneficial 

use of sewage sludge to become mainstream practice recently.  

Sustainable and acceptable alternatives for the long-term management of sewage sludge 

must be environmentally friendly, economically viable, and socially acceptable. For 

example, fertiliser or soil amendment can be made from sewage sludge that contain high 

organic matter and essential nutrients, but low levels of contaminants (Smith, 1995; H. 

Wang et al., 2008). Many advanced stabilisation technologies are being developed to 

produce pathogen-free sewage sludge for land/agricultural application (Parker, 2005; 

USEPA, 2006). Other methods of producing sewage sludge to rehabilitate impacted land 

and for land reclamation have been successfully applied in some wastewater treatment 

plants. Incineration is commonly practiced, however only limited amounts of sewage 

sludge are disposed of by incineration as this method consumes a lot of energy and produces 

high carbon dioxide emissions (Bednarik et al., 2004; Werther & Ogada, 1999). The 

disposal methods for sewage sludge currently used in both middle and high-income 

countries worldwide are summarised in Table 2.3. It is clear that the end management of 

sewage sludge in high-income countries has shifted from landfilling to beneficial use, such 

as agricultural application and land reclamation. In middle-income countries, including 

Brazil and China, landfilling is still the predominant method of handling sewage sludge, 

although beneficial use also contributes to the ultimate management of sewage sludge.  
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Table 2.3. The end use and disposal of sewage sludge worldwide 

Country 

  Percentage (%) 

Landfill Composting Incineration 
Agriculture 

application 

Land 

reclamation 
Stockpile Other References 

Australia 3 10 -1 59 4 20 8 (LeBlanc et al., 2009) 

Brazil 73 - - 15 - - 12 (Andreoli et al., 2008) 

Canada 4 - 47 43 6  - (Apedaile, 2001) 

China 30 40 - - - 30 - (HUA et al., 2008) 

France 15 10 21 44 - - 9 (Kelessidis & Stasinakis, 2012) 

Germany 3 - 37 32 25 3 - (Erbe, 2006) 

UK 17 12 19 41 - - 12 (Kelessidis & Stasinakis, 2012) 

U.S.A 17 - 22 - 40 8 7 (Jones-Lepp & Stevens, 2007) 

               1 No sewage sludge is disposed in this way 
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Although New Zealand is a developed country, landfilling is also the most common method 

for sewage sludge disposal, comparing to the other disposal ways, as shown in Fig. 2.3. 

Approximately 85  90% of the total sewage sludge produced by the Rotorua wastewater 

treatment plant in 2006 were disposed in landfill (Rotorua Council, 2006), although a target 

of 95% of sewage sludge converted for beneficial use was set the same year (Ministry for 

the Environment, 2007).  

 

Figure 2.3. Handling of sewage sludge in New Zealand (Ministry for the Environment, 

2007)  

Whether finally disposed of in landfill or used beneficially in land/agriculture, sewage 

sludge will ultimately go back to environment and exert impacts on the ecosystem, given 

the properties and hazard of sewage sludge described in the Section 2.3.1. Once entering 

the environment, the contaminants contained in sewage sludge, OMPs in particular, may 

be introduced to water bodies or soil, then taken up by water animals or plants, and finally 

circulated to human bodies again. Adverse impacts, such as carcinogenic effects, can be 

induced by the OMPs, as described in Section 2.2.1. In the interests of environmentally 

friendly and socially acceptable management of sewage sludge in the long term, lime and 

mussel shell were employed in this thesis to mix with sewage sludge, with the aim of 

‘locking’ the OMPs and trace metals in solid phase as complete removal of them is 
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unrealistic, as well as improving the properties of sewage sludge and reducing the handling 

difficulties.  

2.4  Leachability of the OMPs in Sewage Sludge  

Detectable levels of OMPs can be found in sewage sludge, as OMPs tend to associate with 

particulate matter and continuously accumulate in sewage sludge in wastewater treatment 

plants (Chen et al., 2013; Jelic et al., 2011a; Peng et al., 2014b). Concerns about the 

presence of OMPs in sewage sludge have grown in the past decade, largely because the 

causes and effects of OMPs in the ecological context are complex; their effects are viewed 

as having unknowable future consequences on the environment and human health (Citulski 

& Farahbakhsh, 2010). Presently, with increasing knowledge of the environmental 

occurrence of OMPs from sewage sludge (Borgman & Chefetz, 2013; Wu et al., 2010; 

Yang et al., 2012), there has been a major focus on the behaviours of OMPs, in particular 

OMPs’ leaching behaviours, since these processes may control the migration of OMPs from 

sewage sludge to water bodies and soil (Unold et al., 2009), and the availability of OMPs 

for biodegradation or plant uptake (Shenker et al., 2011). Understanding the leaching 

behaviour of OMPs is therefore of pivotal importance in further amending the properties 

of sewage sludge, and quantifying the overall environmental exposures and risks associated 

with the introduction of these compounds into the environment. 

2.4.1 Sewage Sludge as a Source of OMPs in the Environment 

Research has demonstrated the potential of OMPs for entering water bodies or soil due to 

leaching or runoff from agricultural fields where sewage sludge is applied as fertiliser and 

soil amendment. For example, pharmaceuticals have been detected at typical 

concentrations ranging from 0.02 ~ 15 µg/kg in soils irrigated with reclaimed wastewater, 

and with sewage sludge applied (Kinney et al., 2006). Pharmaceutical compounds such as 

CBZ, GFB, NPX and SMX have been introduced into the agricultural environment through 

irrigation with treated wastewater effluent and the application of sewage sludge ( Borgman 
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& Chefetz, 2013). Similarly, significant increases in the concentrations of multiple 

estrogens (e.g. E1), androgens (e.g. TST) and PGT were observed in runoff samples after 

the application of sewage sludge (Yang et al., 2012). Another previous study indicated that 

estrogens leach from the root zone to tile drainage water in concentrations exceeding the 

lowest observable effect level for three months after the application of manure to soil (Kjær 

et al., 2007). The sources of OMPs and the ways OMPs enter the environment are 

summarised in Fig. 2.4. 

Recent studies have also indicated leachate from sewage sludge landfill can be another 

potential source of OMPs in the environment. The occurrence of a large number of OMPs 

has been highlighted in the U.S. landfill leachate, and found the number of OMPs detected 

in landfill leachate was higher than in other environmental bodies, e.g. wastewater and 

sewage sludge, likely due to concentrations of the OMPs in a central location (Clarke et al., 

2015; Masoner et al., 2016; Jason R. Masoner et al., 2014). Examples of detected OMPs 

and their concentrations in landfill leachate are presented in Table 2.4.  

 

Figure 2.4. Possible sources and routes of OMPs in the water cycle (adapted from  

Petrović et al. (2003)) 

As outlined by Beecher et al. (2005), there are a number of ‘outrage factors’ perceived by 

the public with regard to sewage sludge applied in agriculture, especially in relation to the 

presence of emerging contaminants (e.g. OMPs) in sewage sludge. People are unlikely to 

understand the fate and transport of contaminants in the vadose zone following the 



Chapter 2 Literature Review 

36 

 

application of sewage sludge in agriculture, especially specific compounds. In this study, 

beneficial agricultural/land applications are not considered as important ways of managing 

sewage sludge, given the practical disposal method of landfilling sewage sludge in New 

Zealand, and the hazard of sewage sludge induced by OMPs and traced metal as described 

above. The investigation of occurrence, leaching and other fates of OMPs in sewage sludge 

is under the condition of landfill throughout the current study.   

So far, little attention has been paid to the possibilities of OMPs entering into environment 

through leachate from sewage sludge landfill, as this source of OMPs to environment has 

not been fully confirmed yet. In particular, much remains unknown in regard to the 

occurrence and leaching of a broad suite of OMPs from landfilling by sewage sludge, as 

sewage sludge have historically been a forgotten component in WWTPs. However, in 

recent years people have come to realise that the production of sewage sludge is increasing, 

and that sewage sludge could be a significant source of contaminants. Against this 

background, researchers have started looking for ways of amending sewage sludge 

properties to reduce its hazards and improve its handling characteristics before landfilling 

of sewage sludge (Egan, 2013; Kayser et al., 2015). However, none of these investigations 

are related to the leaching behaviours of OMPs, as it is difficult to conduct such work with 

very limited knowledge.  

To fill up the research gap, lime and mussel shell were chosen to mix with Rotorua sewage 

sludge, with the specific aim of preventing the leaching of OMPs from biosolids to 

environment by studying the occurrence, concentration, and fate of the 16 selected OMPs. 

The leaching potential of the selected OMPs was defined as leachability, and calculated as 

the ratio of the mass of OMPs in the soluble phase to their total mass in sewage sludge 

(Casey et al., 2004; Durán-Álvarez et al., 2012; Lin & Gan, 2011). The calculation of 

leachability was based on similarly published methods for investigating the runoff or 

transport of OMPs from sewage sludge or soil, which has been supplemented with sewage 

sludge/wastewater (Chefetz et al., 2008; Wu et al., 2010). 
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Both the physical and chemical properties of sewage sludge can be greatly changed with 

the addition of lime and mussel shell, as described in Section 2.3.2. The fate of OMPs may 

be influenced accordingly, on the basis of the correlation between the physicochemical 

properties of OMPs and sewage sludge, as reported in the Section 2.2.2. However, not all 

sewage sludge characteristics can be included in one thesis, since sewage sludge have an 

extremely complex matrix and modifications in the properties of sewage sludge induced by 

additives can involve the whole nature of sewage sludge. Three factors, namely pH, the 

content and nature of organic matter/dissolved organic matter (DOM), and Ca, were chosen 

to elucidate their contribution to the leachability of OMPs in lime-amended biosolids in 

this thesis. The decision was made based on significant changes in the pH, organic matter 

and Ca level in lime-amended biosolids, as described in Section 2.3.2, as well as their close 

correlation with the physicochemical properties of OMPs. In the following sections, the 

effects of the matrix properties on the OMPs’ behaviours derived from previously 

published work, which can be used in the discussion of the results of this thesis, will be 

presented and discussed.
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Table 2.4. List of some OMPs reported in landfill leachate, and their concentrations, worldwide 

OMPs Country n (sample number) Concentration (µg/L) References 

BPA 

Japan 10 1.3~17200 (Baun et al., 2000) 

Germany 2 13000~25000 (Bolz et al., 2001) 

USA 19 45400 (Jason R. Masoner et al., 2014) 

Norway 5 0.0086 (Eggen et al., 2010) 

DCF China 29 19.7~31 (Peng et al., 2014a) 

E1 USA 19 4.03 (Jason R. Masoner et al., 2014) 

ERY USA 19 66 (Jason R. Masoner et al., 2014) 

FLU USA 11 < 0.005 (Clarke et al., 2015) 

GFB 
USA 11 0.4 (Clarke et al., 2015) 

China 29 1.1~15.8 (Peng et al., 2014a) 

NPX China 29 < LOQ (Peng et al., 2014a) 

PMD USA 11 0.5~64 (Clarke et al., 2015; Jason R. Masoner et al., 2014) 

SMX 
USA 11 n.d. ~0.7 (Clarke et al., 2015; Jason R. Masoner et al., 2014) 

China 29 < LOQ (Peng et al., 2014a) 

TCS 
USA 19 8980 (Jason R. Masoner et al., 2014) 

China 29 0.1~11.6 (Peng et al., 2014a) 

4-OP USA 19 6550 (Jason R. Masoner et al., 2014) 

4-NP USA 19 10400 (Jason R. Masoner et al., 2014) 
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2.4.2 Effects of Dissolved Organic Matter (DOM) 

It has previously been reported that both the quantity and nature of organic matter affect 

the sorption of OMPs in sewage sludge, as organic matter has generally been identified as 

the main sorbent for both neutral and anionic species of OMPs, due to its predominance in 

biosolids (Kah & Brown, 2006; Tülp et al., 2009). In further advanced investigations, it 

was found sorption between organic matter and neutral/non-dissociated OMPs can be 

mainly attributed to hydrophobic interaction (Wauchope. D.R. et al., 2002). The sorption 

of anionic OMPs is dominated by anion exchange, to either variably-charged minerals or 

permanently positively charged sewage sludge components, and hydrophobic interaction 

(Caliman & Gavrilescu, 2009; Tülp et al., 2009). To assess the leachability of OMPs, the 

organic matter dissolved in aqueous phase (i.e. dissolved organic matter, DOM), which is 

the fraction of organic matter that is passed through a 0.45 µm porosity membrane, should 

be introduced, as DOM has the opposite effect to organic matter by increasing the amount 

of OMPs in aqueous phase (Tolls, 2001).  

DOM is a highly heterogeneous mixture of aromatic and aliphatic organic compounds 

containing oxygen, nitrogen, and sulphur functional groups (e.g. carboxyl, phenol, enol, 

alcohol, carbonyl, amine and thiol), and varies in size, shape, composition and 

physicochemical properties (Chen et al., 2003; Leehneer &Croué, 2003; Ohno & Bro, 

2006). The classification and composition of DOM are summarised in Fig. 2.5. The highly 

variable content and characteristics of DOM are due to the sources of organic matter, 

temperature, pH, major cation, and the surface chemistry of sediment sorbents that act as 

solubility controls. For example, it was found that the structures of humic substances vary 

from spherocolloidal configurations at low pH to linear configurations at high pH, as 

indicated by the fluorescence characteristics of the acidic functional groups and changes of 

the molecular configurations of humic substances (Patel-Sorrentino et al., 2002; Song et al., 

2015). A previous study similarly reported the peak location, fluorescence intensities and 

ratios of various peak intensities of humic substances varied with increasing pH, while the 
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presence of cations had no substantial effects on the EEM spectra (Sheng & Yu, 2006). 

However, another study found that cations, such as Ca caused an intermolecular bridge of 

deprotonated carboxylic groups in DOM, which led to a strong adhesive force between a 

humic acid surrogate and organic membrane layer (Li & Elimelech, 2004). The differences 

in the behaviour of DOM derived from these two studies may be related to DOM sources 

and cations types in the two systems. This is consistent with previous findings on the effects 

of DOM sources and cations on the characteristics of DOM, as described above. Given the 

close correlation between sewage sludge chemistry and DOM described above, the 

properties of DOM, e.g. hydrophobicity, aromaticity, molecular weight and configuration, 

are likely to vary in sewage sludge after lime application, as lime greatly alters sewage 

sludge pH, temperature, cations, etc., as described in Section 2.3.2.  

 

Figure 2.5. Composition of DOM (adapted from Leehneer and Croué (2003)) 

For decades, it has been suggested there is a possibility that transport of OMPs may be 

facilitated in the presence of DOM through binding to DOM constituents, and the 

association of OMPs to DOM is usually described by considering DOM as a third phase in 

the system’s solid phase, liquid phase and DOM in soil or sludge (Maxin & KÖGEL‐

KNABNER, 1995; Tenenbaum et al., 2014). For example, due to its colloidal properties, 

DOM can affect the apparent solubility of hydrophobic OMPs and reduce their sorption to 

solid matrices in biosolids-amended soil and sediment (Hernandez Ruiz, 2011a; Neale et 

al., 2008). Similarly, other studies have also found the presence of DOM can reduce 

sorption of OMPs on soil particles (Barriuso et al., 1992; Totsche et al., 1997). 
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Understanding the mechanism of DOM-OMP interactions and the effects of the interactions 

on the OMPs’ leachability would be helpful in elucidating the transport of the selected 

OMPs from lime-amended biosolids to the environment over a long period. 

Researchers have found that a number of factors, including the charge, polarity, aromaticity, 

hydrophobicity, as well as molecular weight of bulk organic matter can all affect interaction 

with OMPs (Neale et al., 2008). For example, previous studies have reported that the 

phenolic groups of steroids and DOM play the dominant role in the interactions between 

DOM and OMPs at different pH (Jin et al., 2007). Another studies has produced similar 

findings, suggesting that the leachability of OMPs under wastewater irrigation requires an 

assessment of both DOM concentrations and the content of the hydrophobic fractions 

(Polubesova et al., 2007). Depending on the diverse physicochemical properties of OMPs 

and DOM, the interactions can be dominated by hydrophobic interaction and specific 

interactions, such as hydrogen bonding or cation bridging of anionic OMPs and negatively-

charged DOM (Hernandez-Ruiz et al., 2012a; Neale et al., 2008; Shen et al., 2012).  

It has previously been reported that hydrophobic interaction between DOM and OMPs 

plays a significant role on the sorption/leaching of OMPs in different matrices. For example, 

one study found the co-introduction and/or pre-adsorption of DOM to by the sorbent 

resulted in increases in the mobility of CBZ in soil system due to hydrophobic interactions 

and π-π interactions at environmental pH (Navon et al., 2011). Another study similarly 

reported the presence of NOM caused a reduction in the adsorption of CBZ to silica, mainly 

due to the association of CBZ and NOM via hydrophobic interactions (Bui & Choi, 2010). 

Significant decreases in the sorption of neutral OMPs such as BPA, E1 and EE2 to activated 

sludge were observed in the presence of DOM. This was largely attributed to enhanced 

DOM-OMPs hydrophobic interactions (Sadmani et al., 2014b). 

Other types of DOM-OMP interaction, e.g. hydrogen bonding or cation bridging, are also 

able to contribute to the leachability of OMPs, in addition to hydrophobic interactions. It 

was previously indicated that the solubility and hydrophobicity parameters such as logKow 
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failed to predict the OMP-DOM interactions in a study, the intermolecular mechanisms of 

association, e.g. hydrogen bonding or cation bridge, were found to be more likely to be 

associated with the bonding between DOM and polar OMPs (Ruiz et al., 2013). Similarly, 

it has been suggested that the increase in the mobility of estrogenic compounds in aquatic 

environments is possibly related to hydrogen binding and interactions between the π-

electrons of those compounds and DOM (Yamamoto et al., 2003). Previously, an 

investigation into the sorption of BPA and CBZ on graphenes showed the sorption followed 

the order BPA > CBZ, in reverse order to their hydrophobicity, further implying the 

importance of (i) hydrogen bonding between large numbers of -COOH, -NH2, and -OH 

groups and the oxygen-containing functional groups of graphenes, and (ii) π-π interactions 

between π-electrons of graphene surfaces and the aromatic rings the those OMPs (Liu et 

al., 2014). However, not as many studies on the influences of these specific interactions 

between DOM and OMPs on the OMPs’ leachability have been carried out so far. 

Additional research may be needed to further investigate the DOM-OMP interactions with 

diverse physicochemical properties to better understand the contribution of DOM to the 

OMPs’ leachability in lime-amended biosolids.  

Further, solution chemistry (sewage sludge/biosolids properties in this study) is another key 

factor influencing the DOM-OMP interactions, as it can alter the charge and structure of 

both OMPs and DOM. For example, the presence of DOM has been found to impact the 

availability of BPA in a solution, and the impacts were significantly influenced with pH 

changing from 5.5 to 8.5 and salinity increasing from 0 to 500 mM NaCl (Hu et al., 2006). 

Another study similarly found the interaction of EE2 and DOM increased from pH 4 to 9, 

and the increase was mainly related to the dissociation of carboxylic and phenolic groups 

of DOM at high pH, while EE2 as a weak acid (pKa 10.3) was insignificantly affected by 

pH over this range (Neale et al., 2008). The association of DOM and OMPs has further 

been shown to be favourably influenced by the presence of bivalent cations such as Ca2+, 

with the mechanism proposed as cation bridging of the DOM anions and negatively-
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charged OMPs (Hyun & Lee, 2005). The influences of sewage sludge chemistry, e.g. pH 

and Ca2+, will be further detailed in the following sections. 

So far, the impacts of DOM on the leachability of OMPs have not been well investigated, 

particularly in sewage sludge, although the correlation between the presence of DOM and 

OMPs’ leachability in soil or sediment has been suggested in some previous studies 

( Leehneer & Croué, 2003; Schwarzenbach et al., 2005; Semblante et al., 2015). There is 

very limited work elucidating the interactions between DOM and OMPs based on their 

diverse physicochemical properties and sewage sludge properties, to reveal the correlation 

between DOM-OMP interactions and the OMPs’ leachability in sewage sludge. Especially, 

the nature of sewage sludge matrix is extremely complicated, and all components of sewage 

sludge tend to work as a whole system, which may lead to more difficulties in begin such 

research. In this thesis, a comprehensive study was carried out to find out how DOM is 

correlated with the OMPs’ leachability by comparing their leachability in sewage sludge 

and lime-amended biosolids, based on changes in sewage sludge chemistry, 

physicochemical properties of the OMPs and DOM after lime addition. The results derived 

from this thesis may provide a good basis for further studies regarding to the fate of OMPs 

in lime-amended biosolids. 

2.4.3 Effects of pH 

The pKa and logKow/logD values of ionised and variously ionised OMPs are a function of 

pH, since the OMPs contain functional groups that can be protonated and deprotonated on 

the basis of their chemical structures (Table 2.1), which has been extensively reported in 

previous studies (Melanie Kah & Brown, 2008; Nieto et al., 2010; ter Laak et al., 2006). 

The fate of dissociable OMPs (ionised and variously ionised OMPs) appears to be strongly 

influenced by pH in sewage sludge, through effects on the OMPs’ charge, hydrophobicity 

and chemical structure. In the case of non-ionised OMPs, previous studies have found their 

leachability also changes with changing pH, although the physicochemical properties are 

independent of pH (Hari et al., 2005; Liu et al., 2014; Neale et al., 2009). In these studies, 
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influences on the leachability of these non-ionised OMPs were reported to be related to the 

impact of pH on the DOM-OMP interactions, since the physicochemical properties of 

DOM are well correlated with pH, as described in Section 2.4.2. It can be concluded that 

pH influences the OMPs’ leachability in two ways: (i) hydrophobicity and electrostatic 

interaction/repulsion through effects on OMPs physical and chemical properties; and (ii) 

DOM-OMP interaction through influencing physicochemical properties of OMPs and 

DOM, or DOM properties only.  

The way (i) of pH affecting the leachability of OMPs has been widely studied. For example, 

BPA was found to desorb from sludge when pH was increased from 7 to 9 ~ 12 in batch 

experiments (Clara et al., 2004). Similarly, it was reported that more than 50% of TCS will 

be deprotonated at pH > pKa, e.g. the anionic form of TCS is dominant in solution when 

pH is above 9 (Behera et al., 2010). In this case, the sorption of TCS on activated carbon 

was reduced due to electrostatic repulsion. In another study conducted by Ivashechkin et al. 

(2004), the results demonstrated the desorption of BPA from sludge increased with pH 

increasing up to 12.4, and desorption was particularly pronounced at pH above 10.3. E1 

and NP presented similar desorption from sludge as BPA with increasing pH, due to the 

electrostatic repulsion between deprotonated OMPs and sludge. In a further example, a 

previous study found the amount of TCS existing in neutral form decreased from 100% to 

39% at pH 8, which led to a reduction in the sorption of TCS to soil (Wu et al., 2009). 

Additionally, modifications in the leachability of ERY and FLU were reported to be 

associated with the impacts of pH on the hydrophobic interactions and electrostatic 

attractions, through altering the speciation of these two OMPs in lime-amended biosolids 

(Kun Wang et al., 2018). It is quite clear that the classes of OMPs discussed above are 

OMPs with ionisable functional groups, such as acidic OMPs, indicating their 

physicochemical properties in relation to leachability processes under different pH 

conditions should be carefully considered. 
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In the case of way (ii) of pH influencing the leachability of OMPs, not as many existing 

studies as for way (i) have been found, as knowledge of the physicochemical properties of 

DOM and high resolution techniques to characterise heterogeneity of DOM, as well as the 

interactions between DOM and OMPs, are limited (Li et al., 2014; Neale et al., 2008; 

Nebbioso & Piccolo, 2013). However, some previous studies have shown that the OMPs’ 

leachability is likely to be attributed to the effects of pH on DOM-OMP interactions. For 

example, the sorption of hormone reduced from acidic to neutral conditions as the 

speciation and conformational changes of DOM changed, as a result, the interaction of 

DOM and hormones reduces with increasing pH (Neale et al., 2009). Similarly, a recent 

study indicated that co-existing DOM may influence the mobility of OMPs (e.g. TCS and 

CBZ), and the influence varies with changing pH from 5.9 ~ 10.8 through effects on the 

DOM-OMP interactions in sewage sludge (Kun Wang et al., 2018). Other studies have 

similarly indicated that the molecular weight of DOM increases at around pH 4 ~ 5 due to 

the formation of hydrogen bonds between DOM molecules, and thus a stronger interaction 

between DOM and hormones (PGT and TST) was found (Chin et al., 1997; Cozzolino & 

Piccolo, 2002). It was previously found that the leaching of EE2 reduced from pH 4 to 9, 

due to changes in the interaction between DOM and EE2. As the carboxylic and phenolic 

groups of DOM dissociated, the structure of DOM shifted to linear at pH above 8. However, 

as a weak acid (pKa 10.23) EE2 was less affected in the studied pH range, and so the 

changes in DOM were thought be mainly responsible for the changes in the DOM-EE2 

interaction (Neale et al., 2008). Based on the findings derived from previous studies, it can 

be concluded that the leachability of weak acid and neutral OMPs is closely correlated with 

the presence of DOM, and further the correlation is pH dependent. This reasoning is 

supported by previous work showing that DOM plays a crucial role in sorption behaviour 

of non-ionic and negatively-charged OMPs in sludge and soil through hydrophobic 

interaction and specific interactions. Further, the pH-dependent characteristics are more 

likely related to DOM properties than those of nonionic and negatively-charged OMPs (Liu 

et al., 2014; Maoz & Chefetz, 2010a; Stevens-Garmon et al., 2011). In this work, the 
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influences of pH, via way (i) and (ii), on the leachability and fate of the selected OMPs, 

including acidic, base and neutral OMPs, are comprehensively studied in order to elucidate 

the mechanisms of the leachability of the selected OMPs with changing pH, and thereby 

understand how lime amendment modifies the OMPs’ leachability of the OMPs in sewage 

sludge. 

2.4.4 Effects of Calcium (Ca)  

In addition to DOM and pH, the leachability of OMPs has been shown to be influenced by 

the presence of cations such as calcium (Ca2+). In particular, their influences was more 

significant than the impacts induced by monovalent cations such as sodium (Na+) (Aquino 

et al., 2008; Aquino et al., 2011). Similarly, the presence of cations can affect the properties 

of DOM, as a result, the interaction of DOM and OMPs and then the OMPs’ leachability 

may change accordingly, as discussed in Section 2.4.2. Two main possible mechanisms 

have been proposed in a few previous studies with respect to the effects of cations on the 

leachability behaviours of OMPs. One possible mechanism is that cations can serve as 

cation bridge, associating the negatively charged carboxyl groups. The second possibility 

is that cations shield the negative electrostatic potential of organic matter (Aquino et al., 

2008; Higgins & Luthy, 2006; Hyun & Lee, 2005). Accordingly, the impact of the presence 

of cations on OMP leachability would largely depend on the relative contribution of these 

two opposite effects. 

Cation bridging of negatively charged functional groups, e.g. carboxylic groups, in OMPs 

and DOM has been reported in some previous work. For example, cation bridges are formed 

when cations function as a bridge connecting negatively charged surface sites and anionic 

or polar groups of the adsorbent (Theng, 2012). Similarly, it was found the interaction 

between caboxylated ibuprofen and wastewater-derived DOM was likely due to the cation 

bridging effect at ambient pH (Hernandez-Ruiz et al., 2012a). Given the significance of Ca 

on the DOM-OMP interactions, the effects of cation bridging on the interaction of DOM 

and OMPs could thereby result in changes in the leachability of OMPs. Previously, it was 
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indicated that the divalent cations (e.g. Ca and Mg) were found to significantly affect the 

adsorption of Ibuprofen at low concentrations, likely due to the divalent cations being able 

to bridge between the negative charge sites on silica and the negative charge of ibuprofen 

(Bui & Choi, 2010). In another study, it was found the presence of divalent cations resulted 

in significant decreases in the sorption of BPA to activated sludge, likely due to the 

increased interaction of the neutral OMPs and DOM by cation bridging of the carboxylic 

groups of BPA and DOM at pH 8.0 (Ding Y et al., 2011; Sadmani et al., 2014a). It was also 

observed that the release of CBZ and NPX from wastewater irrigated soil reduced when 

CaCl2 solution was used as the background solution for the sorption experiment, which was 

likely associated with the increase in the interaction between DOM and these OMPs 

through cation bridging at pH 8.1 (Durán-Álvarez et al., 2012).  

In contrast to the mechanism for increasing the interaction of DOM and OMPs through 

cation bridging, the presence of cations may reduce the DOM-OMP binding by shielding 

the negative electrostatic potential of DOM. Similar conclusions were derived from 

previous studies indicating the presence of Ca2+ can facilitate the aggregation of DOM to 

form a highly compacted structure (also called squeezing-out effect), thus supressing the 

interaction of DOM and OMPs (Cho et al., 2011; Zhang et al., 2010). Similarly, the 

presence of cations resulted in a reduction in the association of DOM and OMPs, due to 

cation-induced macromolecular conformational changes of DOM (Li & Elimelech, 2004). 

As reported previously, the leachability of OMPs in the presence of cations may also be 

related to the squeezing-out effect of cations on DOM-OMP interaction. In the case of 

sorption of TCS in a sediment-water-rhamnolipid system, it was suggested that the sorption 

of TCS increased with increasing divalent ions levels because the cations could 

electrostatically reduce the sorption sites for TCS (Lin et al., 2011). Another study similarly 

observed that the release of CBZ and NPX from wastewater irrigated soil reduced when 

CaCl2 replaced NaCl solution as the background solution for the sorption experiment. This 

was likely to be associated with the decrease in interactions between DOM and these OMPs 
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due to the squeezing-out effect of Ca2+ on DOM at pH 8.1 (Durán-Álvarez et al., 2012). 

Additionally, in some cases when the two mechanisms are neutralised, the presence of 

cations has been found to present insignificant influences on the OMPs’ leachability. For 

example, in a previous study increasing levels of divalent concentrations did not 

significantly influence the adsorption of either CBZ or BPA for all adsorbents, which was 

likely attributed to the equal contribution of the two opposite effects of cations on the 

DOM-OMP interactions (Liu et al., 2014). Similarly, it was found the presence of Ca2+ 

alone did not have a significant impact on the sorption of the polar compound GFB 

(Comerton et al., 2009). The assumption is further supported by a previous work on the 

influence of cations on the adsorption of pharmaceuticals to soil, which showed the 

influence of Ca2+ concentrations on the sorption of anionic OMPs was small and 

independent of molecular structure (Tülp et al., 2009).  

To date, no research has been carried out to systematically investigate the influences of 

cations (e.g. Ca2+) and related mechanisms on the leachability behaviours of OMPs in 

sewage sludge, although some studies have been found for soil or other materials. In 

particular, the significance of cations for the leachability of OMPs, including ionised, 

variously ionised and non-ionised, and how the two mechanisms contribute to leachability, 

has not been studied yet. In relation to mechanisms and the contribution of cations (i.e. 

Ca2+) to the leachability of a wide range of OMPs, this thesis could be of great in achieving 

an understanding of how lime amendment impacts the fate of OMPs in sewage sludge.  

Overall, sewage sludge are an extremely complicated system, pH, DOM and Ca may work 

as a whole in affecting the leachability of OMPs, although the individual factors could also 

contribute to the changes in the leachability of OMPs in sewage sludge systems. This 

assumption is supported by a previous studying showing the cation bridged complexes of 

negatively charged ligands between OMPs and DOM were strongly favoured by pH 

conditions where ionised carboxyl groups exist (Aquino et al., 2008). Similarly, the 

presence of Ca may lead to a moderate increase in the accumulation of colloidal organic 
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matter due to destabilisation by cations, thereby enhancing the sorption of OMPs to the 

organic matter-rich sludge as a result (Sadmani et al., 2014a, 2014b). In this thesis, the 

influences of each factor, including pH, DOM and Ca, on the leachability of the selected 

OMPs were first investigated individually, and then in combination, to comprehensively 

reveal how lime amendment affects the leachability of OMPs in sewage sludge. The results 

will be presented and discussed in the following chapters to give a full picture of the 

mechanisms contributing to the leachability of the 16 selected OMPs in biosolids after lime 

amendment, with the specific purpose of ‘locking’ these OMPs in lime-amended biosolids 

rather than allowing them to enter the environment. 

2.5 Leachability of Trace metals of in Sewage Sludge 

The contribution of sewage sludge to trace metals entering the environment has been widely 

studied. The leachability of trace metals is closely related to the minerals, organic matter, 

pH and cation exchange capacity in soil and sewage sludge-amended soil (Lu & Allen, 

2002; Mamindy-Pajany et al., 2014). However, most studies have been carried out in soil, 

and the sources and properties of studied sewage sludge vary as they are collected from 

different wastewater treatment plants (Azevedo et al., 2003; Hale et al., 2012; Hsiau & Lo, 

1997). Specifically, only a relatively small amount of work has been found investigating 

the mechanisms for the leachability of trace metals in lime-amended biosolids. In this thesis, 

the leachability of five commonly found trace metals, i.e. Cd, Cu, Ni, Pb and Zn, is studied 

in amended biosolids, with the aim of reducing the amount of these metals potentially 

transported from biosolids to the environment. The special focus of this investigation is to 

add information regarding the mechanisms for the leachability of metals to the existing 

knowledge of sewage sludge before and after amendment. As well as investigating OMPs, 

three characteristics of sewage sludge, namely pH, DOM and cations, were chosen to 

elucidate the contribution of these factors to the metals’ leachability in lime-amended 

biosolids system. Relevant findings from published studies related to the effects of pH, 
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DOM and Ca on the fate of metals are presented and discussed in the following sections.  

2.5.1 Effects of pH 

The pH plays an important role in determining the leachability and availability of metals, 

as the speciation and dissolution of metals shows strong pH dependence. Table 2.5 gives 

an overview of the predominant species for the selected metals at pH ranging from 6 to 12. 

It is quite clear that the five selected metals predominantly exist as soluble cationic forms 

at acidic pH, with pH increasing from neutral to alkaline, the metals tend to precipitate, and 

a large fraction of metals become soluble again and exist as negatively-charged forms at 

pH above 10 in water systems. One study (Fig. 2.6) suggested that non-charged CuCO3 is 

the dominating Cu-species in the pH range 6.5 ~ 9.0, while negatively-charged species such 

as Cu(CO3)2
2- and CuCO3(OH)2

2- dominate at higher pH values. The dominant Ni-species 

are Ni2+ until around pH 9.5. It is succeeded by the hydroxide species Ni(OH)2 and Ni(OH)3 

at higher pH, as can be seen in Fig. 2.6 (Genç-Fuhrman et al., 2007).  

The changes in the species of metals with changing pH are crucial to explain different 

leachability of trace metals, based on the close correlation between the metal-species and 

their fate. For example, one study reported that the availability of metals is relatively low 

when pH is around 6.5 to 7, due to the electrostatic interaction between cationic metal ions 

and the negatively-charged surface in soil (Dijkstra et al., 2004). It has also been reported 

that the insoluble and less mobile forms of metals (e.g. Cu, Ni, Pb and Zn) increased due 

to the prevalence of precipitation at pH 7 ~ 10, while the exchangeable form of Cd increased 

with increasing pH in soil following the application of coal ash and sewage sludge 

(Chaudhuri et al., 2003). Similarly, another study indicated adsorption of Cu, Ni and Zn 

started below the pH of the precipitation (close to 7), and was consequently the dominant 

mechanism for metal retention. At pH above 8, a decrease in Cu and Ni adsorption was 

observed, likely due to the electrostatic repulsion between negatively-charged metals and 

adsorbent (Mamindy-Pajany et al., 2014).  
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Table 2.5. Speciation of the selected metals over the pH range of 6~12 (Wang & Chen, 

2009; Xu et al., 2008) 

Selected metals 
Predominant Species 

pH < 6 pH 7~10 pH 10~12 

Cadmium (Cd) Cd2+, CdCl+ Cd2+, CdCl+, Cd(CO3)2
2- 

Cd(CO3)2
2-, 

Cd(OH)2, Cd(OH)Cl 

Copper (Cu) Cu2+ CuCO3, Cu(CO3)2
2- CuCO3(OH)2

2- 

Nickel (Ni) Ni2+ Ni2+, Ni(OH)2 Ni(OH)2, (Ni(OH)3)- 

Lead (Pb) Pb2+ Pb(OH)+, Pb(OH)2
0 Pb(OH)2

0, (Pb(OH)3)- 

Zinc (Zn) Zn2+ 

Zn2+, Zn(OH)+ 

Zn(OH)2
0 

(Zn(OH)3)- 

(Zn(OH)3)-, Zn(OH)4
2- 

 

Figure 2.6. Speciation of Cu and Ni over pH 5~11 (Genç-Fuhrman et al., 2007) 

In addition to the impacts of pH on the charge and speciation of metals, and so the 

leachability of metals, pH can also alter the leachability of metals via modifying DOM 

concentrations and its physicochemical properties. It has been well documented that DOM 

can associate/complex with metals and thus pose influences on the leachability of metals. 

This proposal is supported by a finding from a previous study showing the concentration 

of Cu, Ni, Pb and Zn determined in leachate increased with pH increasing from 7.8 to above 

11, and was positively correlated with the increase in the DOM content in lime-amended 

biosolids (Kayser et al., 2015). The correlation of pH and associations with DOM and 
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metals, as well as the influences of the DOM-metal complexes on the metals’ leachability 

will be discussed in detail in the following sections. 

2.5.2 Effects of DOM 

DOM containing large amounts of active constituents such as humic substances, which 

consist of high levels of phenolic (-OH) and carboxylic (-COOH) groups, can provide a 

wide range of affinity sites for metal ions (Dzombak et al., 1986). For example, Cu has 

been previously found to interact with all the DOM components, including three humic 

substances and one protein-like substance. In the case of Cd, Pb and Zn, strong effects 

derived from DOM were observed to be related to protein-like and fulvic acid-like organic 

components by using advanced techniques, such as excitation-emission matrices (EEMs) 

and parallel factor (PARAFAC) analysis (Tsutomu Ohno et al., 2007; Wu et al., 2011). 

Based on previous work, the association of metal ions and DOM can be categorised as 

follows: (i) the DOM ligand has a high affinity for the adsorbent, is adsorbed, and the 

adsorbed-ligand has a high affinity for metal ions; (ii) the DOM ligand has a high affinity 

for metal ions, where they can form a soluble complex with high affinity for the adsorbent; 

and (iii) the DOM ligand has a high affinity for the metal ions, forming a soluble complex 

with a low affinity for the adsorbent (Sposito & Coves, 1988). The leachability of metals 

may be increased through (iii), reduced through (i) and/or (ii), or insignificantly influenced 

when mechanism (iii) contributes equally to the metals’ leachability as (i) and (ii), and the 

impacts of DOM on the leachability are as a function of pH. However, no previous studies 

regarding the equal impacts of mechanisms (iii) and (i)/ (ii) on the metals’ leachability have 

been found, in this section only the correlation between the metals’ leachability and former 

two possibilities will be discussed, as below. 

The interactions of metals and DOM and influences on the leachability of metals have been 

widely reported. For example, the enhanced leaching of Cd, Cu and Zn was reported as due 

to the formation of DOM-metal soluble complexes in soil at ambient pH (Moolenaar, 1998). 

In another study, the concentrations of Cd, Cu, Ni and Zn in their extracted forms were 
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found to be positively correlated to concentrations of DOM in the sampled soil layers 

(Schaecke et al., 2002). In the case of negative impacts of the presence of DOM on the 

leachability of metals via mechanisms (i) and (ii), a study found the application of sewage 

sludge increased the retention of Cu, Ni and Zn in soil by providing reactive organic matter 

fractions. In particular, the organic matter played a dominant role in Ni binding in the 

sewage sludge-amended soil (Mamindy-Pajany et al., 2014). Similarly, it was reported that 

retention of both Cu and Cd by the soil increased with application of leachate, probably due 

to the formation of inner- and /or outer- sphere complexes between DOM and soil surface 

that facilitate the sorption of Cd and Cu (Calace et al., 2001).  

The interaction of DOM and metals is characteristic of pH dependence, as the metal 

speciation, DOM concentrations and physicochemical properties are closely correlated to 

pH changes, as described in previous sections. This is also supported by a previous study 

showing sorption of Cd and Cu, mainly through electrostatic interaction between the metal 

species and active soil surface, increased when soil solution pH increased, and Cd was more 

influenced by pH value changes. This is because Cu can interact with both low and high 

molecular weight organic substances, while Cd can only interact with the high molecular 

weight organic compounds (Calace et al., 2001). Similarly, it was found the sorption of Cu 

reduced with the addition of sludge DOM to soil, and the reduction was especially obvious 

with an increase in pH. This can be explained by the fact that DOM may bind with Cu more 

readily and strongly at higher pH, and the Cu-DOM complex bearing a negative charge, 

which would be repelled by the soil of the same charge (Zhou & Wong, 2001). Moreover, 

a decrease in Cu and Ni sorption was observed when pH was increased from 2 to above 8 

in sewage sludge-amended soil. It is thought a partial dissolution of soil organic matter may 

have occurred in the basic medium, which led to the formation of aqueous complexes 

between metal ions and DOM and thus to a decrease in the metals’ affinity toward the solid 

phase components (Mamindy-Pajany et al., 2014). Considering the pH-dependent 

characteristics of DOM-metal complexes for the leachability of metals, as described above, 
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it can be concluded that the double layers formed by the affinity of DOM and sorbent (i) 

have relatively less significance for the leachability of metals at higher pH. This can be 

supported by finding suggesting that the formation of a second layer is difficult because of 

charge repulsion between the DOM substances and soil surface, in particular at high pH 

value (Calace et al., 2001). Another study also reported that hydrophobic fractions of DOM, 

e.g. aromatic acids or aromatic phenols, bind more strongly than hydrophilic fractions on 

the soil surface. In particular, the acidic and phenolic molecules dissociated and dispersed 

into aggregates of smaller size at high pH. As a result, the hydrophobicity of DOM reduced 

and DOM constituents exhibited a high affinity toward Cu rather than the soil surface (Zhou 

& Wong, 2001).  

Uncertainties remain, including the mechanisms of DOM for complexing with metal ions 

and their significance for the metals’ leachability. Specifically, the pH-dependent 

characteristics of DOM-metal complexation should be further elucidated. In this work, 

studies were carried out with sewage sludge and amended biosolids to find out the 

relationship between the leachability of the selected metals and DOM properties at different 

pH conditions, as well as the mechanisms relating to the DOM-metal complexes. The 

findings derived from this work may improve the existing knowledge of the correlation of 

DOM and the fate of metals in hazard matrices. 

2.5.3 Effects of Ca 

In addition to pH and DOM, the presence of cations, e.g. Ca2+, is likely to increase the 

leachability of trace metals by displacing those metal ions on soil sorption sites, also 

referred as cation exchanges (Azevedo et al., 2003) and reported in a wide range of previous 

studies. For example, it was found that Ca has a higher tendency to adsorb on the 

soil/sewage sludge-amended soil, compared to other cationic metals. This effect seems to 

be more pronounced for Zn and Cd than for Cu and Pb, because Zn and Cd basically exist 

in cationic forms, while Cu and Pb are in the complexes formed with organic matter and 

Fe, Al and Mn oxides in soil (Mamindy-Pajany et al., 2014; Berglund et al., 1983). Another 
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study also reported that a variety of cations such as Ca contained in soil may have a greater 

affinity for the available binding sites with Cu and Zn through cation exchange, and the 

effects are closely dependent on the concentration of Ca (Bolan et al., 2003; Hering & 

Morel, 1988). Similarly, the solubility of Cd, Ni and Zn was found to increase while the 

solubility of Cu reduced with increasing Ca concentration in a sludge-amended soil, due to 

cation exchange reactions (Ashworth & Alloway, 2008). 

In addition, cations may also combine with DOM and pH to influence the leachability of 

trace metals, as the physicochemical properties of DOM correlate with the presence of 

cations, and the correlation is pH dependent, as described in Sections 2.4.2 ~ 2.4.4. 

Previously, it was found that Ca has a higher sorption potential to DOM than that of Cu at 

high concentration and low pH, as the main functional groups responsible for Ca-DOM 

complexation are carboxylic groups, which can be deprotonated at low pH, while phenolic 

and amide groups are likely to be responsible for the Cu-DOM complexes (Lu & Allen, 

2002). Another study similarly suggested insignificant effects of Ca2+ on the sorption of Cu 

on soil when humic substances are prevalent over the pH range 3  8. This is because Cu 

has a tendency to complex with DOM constituents with phenolic molecules, while Ca 

preferentially binds with carboxyl molecules contained in DOM (Filep, 1999).  

Despite comprehensive investigations of the influence of pH, DOM or cations on the metals’ 

leachability in soil, there are still research gaps when limea-amended biosolids are 

considered as the studied matrix. Sewage sludge are somehow different from soil, 

especially with regard to their chemistry, such as content and physicochemical properties 

of DOM. In this work, leachability of the selected trace metals in biosolids after amendment 

is studied with aim of finding how pH, DOM and Ca, individually and as whole, contribute 

to changes in the metals’ leachability. Although the focus of this thesis is not on trace metals, 

the findings for their leachability, together with the comprehensive work on OMPs, may 

enable accurate predictions on the long-term safety of sewage sludge when disposed of in 

landfill.   
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2.6 Summary  

Organic micropollutants (OMPs) are organic compounds used to improve industrial, 

medical and household products and their application, and usually are found in municipal 

and agriculturally-derived wastewater. OMPs are commonly present at concentrations 

ranging from ng/L to ng/L to µg/L in natural water and wastewater, and from µg/kg to 

mg/kg in soil and sludge. Due to their common occurrence and endocrine-disrupting 

properties, PPCPs and EDCs stand out among the wide range of OMPs. OMPs in 

wastewater streams are not completely mineralised, but retained and adsorbed onto sludge. 

The fate of OMPs is closely correlated with their physicochemical properties, e.g. octanol-

water partition coefficient (logKow/logD) and acidity constant (pKa), and wastewater 

treatment processes. In this work, 16 OMPs including ionised, variously ionised and non-

ionised OMPs, with various levels of hydrophobicity, were selected for study, based on 

their occurrence, toxicity and physicochemical properties. 

Sewage sludge are the residuals derived from wastewater treatment processes. They have 

normally been through alkaline additives amendment or other stabilisation processes, and 

finally disposed of in landfill. Sewage sludge have high water and organic matter content, 

and detectable levels of organic matter, OMPs and trace metals irrespective of their source 

and treatment processes in wastewater treatment, due to the partitioning properties of these 

hazardous materials. Sewage sludge landfill has been reported to be one of the main sources 

of OMPs and trace metals to environment in a few studies. These studies also indicate 

adverse impacts may be induced by these contaminants in environment through attacking 

human organisms after entering the food chain. Very little work relating to the leachability 

of OMPs in sewage sludge can be found, as sewage sludge have long been neglected in 

wastewater treatment research. The occurrence and leachability of the selected OMPs in 

amended biosolids was chosen as the focus for this thesis, with special emphasis on the 

factors influencing leachability, in order to address the research gap.  
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Speciation and portioning of OMPs vary, particularly, the content, functional groups and 

structure of DOM are modified and the levels of Ca concentration increased with changing 

pH. As a result, the leachability of OMPs may be significantly changed by modifying the 

electrostatic interaction/repulsion, hydrophobic interaction and specific association (e.g. 

hydrogen bonding and π-π interaction) between OMPs and sorbent/DOM under various pH 

levels. The presence of inorganic cations, such as Ca, can either increase the leachability 

of OMPs by cation bridging between negatively-charged OMPs and DOM components to 

form soluble DOM-OMP complexes, or reduce the leachability of OMPs by ‘squeezing-

out’ the negative electrostatic potential of DOM to form a highly compacted DOM structure. 

However, in contrast to the well-documented work on the leachability of trace metals in 

sewage sludge, only a few studies have begun to investigate the leachability of OMPs in 

sewage sludge, although people have already somehow realised that the leachability of 

OMPs may vary between sewage sludge and lime-amended biosolids.  

The use of additives (e.g. lime) for amending the properties of sewage sludge before 

landfilling or other applications is a common practice worldwide. The addition of lime or 

other alkaline additives can significantly alter the physical and chemical properties of 

sewage sludge, in particular by increasing pH, modifying the content and properties of 

DOM, and changing the inorganic structures. The leachability of OMPs may be modified 

accordingly in biosolids after lime amendment, due to the correlation between the OMPs’ 

leachability and the nature of biosolids. Given their economic viability, availability and 

existing knowledge, lime and mussel shell were chosen as the amendments for mixing with 

sewage sludge, with the aim of ‘locking’ the OMPs and trace metals in biosolids and 

preventing their transport to the environment in the long term. Specifically, a 

comprehensive study into the impacts of amendment on the leachability of OMPs in 

biosolids, as well as the individual and combined contributions of pH, concentrations and 

properties of DOM, and presence of Ca on the OMPs’ leachability was conducted in 

amended biosolids. Although a very challenging task, as sewage sludge/biosolids are very 
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complicated in both physical and chemical aspects, the work is essential for the future safe 

disposal of biosolids and development of advanced technologies to prevent the release of 

OMP and trace metals to the environment. 
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Chapter 3. Analytical Techniques  

3.1 Introduction 

This chapter presents the methodologies used for measuring the concentrations of OMPs 

in sewage sludge. The methods for determining concentrations of OMPs in solid phase 

samples are described in detail. In view of the hypothesised close correlation between the 

OMPs’ leachability and DOM, the methods for characterising DOM, including 

concentrations, functional groups, molecular weight distribution, aromaticity and 

constituents, are shown. The methods for determining metal concentrations in sewage 

sludge and leachate are also described in this chapter. It needs to be noted the analytical 

methods, employed for characterising sewage sludge, are also used for biosolids. But, only 

the term sewage sludge is involved in this chapter, unless specially stated. 

Additionally, the methods used for determining some basic characteristics of sewage sludge, 

e.g. water content, volatile solids (VS), pH, Atterberg Limits, specific gravity and shear 

strength, are described as well. Tests relating to the microstructure and mineralogy of 

sewage sludge were conducted, and used to interpret structural changes in the properties of 

sewage sludge and biosolids. 

3.2 Overview of the Wastewater Treatment Plant in Rotorua 

The properties of sewage sludge are closely correlated with the processes of production in 

a wastewater treatment plant. In this work, the environmental samples – sewage sludge – 

were collected from the Rotorua Wastewater Treatment Plant (Council, 2006). A 

comprehensive experimental study was then performed in the laboratory. 

The Rotorua Wastewater Treatment serves a population of 60,000 people and treats an 

average of 18,000 m3 of wastewater daily. Most of the wastewater treated in the plant is 

generated by domestic use, with a small amount from industry. A 5-stage Bardenpho 
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process is applied to treat the wastewater received by the plant. An overview of the Rotorua 

Wastewater Treatment Plant is shown in Fig. 3.1. 

The production of sewage sludge in the Rotorua WWTP is divided into four treatment 

processes, comprising preliminary, primary, secondary treatment and sludge processing. In 

the preliminary stage, wastewater received in the plant passes through step screening and 

grit removal of big particles. The wastewater is then pumped to three sedimentation tanks 

to physically remove as many suspended solids as possible. The heavier suspended solids 

settle to the bottom of the first tank to form primary sludge. A proportion of the primary 

sludge is sent to a fermenter tank to produce volatile fatty acids (VAFs), which are 

important in secondary treatment. The remainder of the primary sludge is scraped to the 

centre and then pumped through a thickening stage to a storage tank.  

The secondary treatment stage is known as the Bardenpho process (developed by Dr. James 

Barnard in South Africa). The biological processes occur in five stages, namely 

fermentation (anaerobic-no oxygen, stage 1), 1st anoxic stage (no oxygen but nitrates 

present, stage 2), aeration (aerobic-oxygen present, stage 3), 2nd anoxic stage (stage 4) and 

re-aeration (stage 5). Fig. 3.1b shows the layout of the five stages.  

Finally, the sludge flows to the storage tank for mixing with primary sludge. An organic 

chemical polyelectrolyte is added to the mixed sludge to assist in dewatering. The sludge 

is then pumped to the belt press room, where it goes through conditioning, and gravity and 

compression stages to reduce its water content and make it easier to handle. The dewatered 

sludge obtained after this stage are the sewage sludge. The process at Rotorua differs from 

the production of sewage sludge in Mangere WWTP (Auckland), which includes a 

digestion treatment before the sludge is sent for final dewatering. Accordingly, the 

properties of Rotorua sewage sludge are significantly different. 

The production of sewage sludge in Rotorua was 10,000 wet t in 2015, and the solid content 

of sewage sludge is 16 ~ 20% according to seasonal variation. The sewage sludge produced 

are scraped off the belt. Most of the sewage sludge are currently disposed of in landfill, 
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although the Ministry for the Environment has a target of 95% of sewage sludge to be 

converted for beneficial use (Ministry for the Environment, 2007).  

To minimise the impact of sewage sludge on the environment after being landfilled, the 

properties of sewage sludge need be improved. In particular, the leachability of OMPs and 

metals should be limited, to reduce the introduction of these contaminants to water and soil. 

Lime and mussel shell were initially chosen to amend sewage sludge properties in this 

thesis, with the main purpose of inhibiting the OMPs and trace metals transporting from 

biosolids to ecosystem. A series of experiments and laboratory tests were systematically 

undertaken on both sewage sludge and amended biosolids. The techniques employed in this 

thesis are described in the following sections. 

 

Figure 3.1. a) Overview of Rotorua Wastewater Treatment Plant, and b) Bardenpho process 

3.3 Laboratory Tests 

Sewage sludge were collected from the belt which conveys sewage sludge to storage bins 

at Rotorua WWTP, one day prior to the laboratory experiment. The sewage sludge was 

thoroughly mixed by hand to achieve homogeneity. The mixture of biosolids and lime 

a) b) 
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(CaO)/mussel shell was obtained in the same way. Throughout the laboratory tests, all the 

tests were conducted in triplicate, and mean values with standard deviation as the 

uncertainty bars (error bars) were used in the following results and discussion chapters, 

unless specially stated.  

3.3.1 Water Content/Solid Content  

Based on a study carried out previously by Kayser (2012a), determination of water content 

(ѡ) or solid content (SC) was conducted in accordance with the Standard for Water and 

Wastewater (2540G for total, fixed, and volatile solids in solid and semisolid samples) 

(Federation, 2008). Sewage sludge samples were dried for 24 hours at 105ºC, until the 

change between two consecutive mass determinations was 0.1% or less of the initial wet 

mass of sewage sludge sample. This parameter was especially important for the 

experimental study, as sewage sludge was mixed with lime or other additives based on their 

dry mass. The determination of the water content needed to be carried out as early as 

possible to reduce the storage time of the sewage sludge, as the properties of sewage sludge 

change with time. Geotechnical water content was used throughout this thesis, unless 

specifically stated. 

3.3.2 Volatile Solids 

Volatile solids (VS) were determined by igniting the sewage sludge in a furnace at 550°C 

for 30 minutes after initial drying overnight at 105°C. The method was in accordance with 

the Standards for Water and Wastewater (2540E for total, fixed, and volatile solids in solid 

and semisolid samples (American Public Health Association et al., 1915). After the 

measurement of water content, dried sewage sludge samples were burnt at 550°C for a total 

of 1.5 hours. In the case of the VS being contained in the lime-amended biosolids, they were 

normalised by the ratio of lime addition. It is worth noting that the formation of CaCO3 in 

lime-amended biosolids would not influence the accuracy of the results, as the formed 

CaCO3 is a very stable substance and only starts being transferred to CaO at temperature 



Chapter 3 Analytical Techniques  

63 

 

up to 650 °C (Jones et al., 2011; M. I. Jones et al., 2011).  

3.3.3 pH 

The pH measurement is of importance for the characterisation of sewage sludge because 

pH is one of the most significantly modified parameters after sewage sludge are amended 

with lime. The instrument used was a Metrohm 704 pH meter, which was calibrated 

regularly using pH buffers of 7 and 10, before being applied to the samples. The pH 

measurements were carried out following the U.S. EPA method for soil (Mao et al., 2003).  

3.3.4 Atterberg Limits 

Atterberg limits were carried out in detail to estimate the geotechnical properties of sewage 

sludge. The measurement was performed according to the New Zealand Standards 

(NZS4402:1986, 1986).  

3.4 Determination of Concentrations, Functional Groups and 

Constituents of Organic matter/DOM 

The organic matter in sewage sludge that can pass through 0.45 μm filters is defined as 

dissolved organic matter (DOM). The methods used to determine the sewage sludge organic 

matter and DOM are discussed in the following section. 

3.4.1 Determination of Concentrations  

For the assessment of the concentrations of sewage sludge organic matter and DOM, total 

organic carbon (TOC) and dissolved organic carbon (DOC) were determined. For aqueous 

samples, the TOC Analyser combined with the ASI-V unit was used. The SSM-5000A was 

used for the solid samples.  

The TC and IC were quantified by comparing the area counts of unknown with those of 

known standards, and then used to calculate the value of TOC/DOC. 
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3.4.2 Determination of Functional Groups  

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) is a non-

invasive, in-situ spectroscopic method for qualitatively determining the functional groups 

of organic matter. The method permits interrogation of functional group chemistry, 

conformational changes, and adsorption reactions in aqueous systems without disrupting 

intermolecular associations, and has been extensively applied in wide range of previous 

studies (Mao et al., 2003; Omoike & Chorover, 2004; Ena Smidt & Parravicini, 2009). 

Given the benefit of the application of ATR-FTIR described above, the technique was 

employed in this work to characterise the functional groups contained in sewage sludge 

organic matter/DOM. The most relevant bands present in sewage sludge organic matter and 

DOM are shown in Table 3.1. 

In this work all spectra were acquired using the absorbance mode in a Shimadzu Miracle 

10 ATR-FTIR spectrometer at 4.0 cm-1 resolution with 64 scans. The spectra were recorded 

in the mid-infrared area from 2000 to 900 cm-1, averaged for each spectrum and corrected 

against ambient air as background. The reason for focusing on this peak range is that 

carboxyl groups and phenolic groups, which are the most important functional groups 

accounting for the charge, acidity and metal/OMPs binding characteristics of organic 

matter/DOM, are abundant among the functional groups associated with the bands centered 

at 2000 to 900 cm-1 (Hay & Myneni, 2007). 

Specifically, for the liquid samples, the infrared spectra were collected by drying 120 μL of 

filtered leachate onto germanium windows, followed by collection of the FTIR spectra. For 

the solid samples, sewage sludge was freeze dried overnight and ground to powder prior to 

mixing with potassium bromide (KBr). Two mg of powdered sewage sludge was folded 

into IR grade KBr powder at a mass ratio of 1:200, pressed into a pellet and then measured 

immediately in the ATR-FTIR spectrometer. 
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Table 3.1. The bands assignments for FTIR spectra of sewage sludge and leachate 

Location wavenumber 

(cm-1) 
Vibration Functional groups or components References 

1735 C=O 
Aldehyde, ketone, carboxylic acids, 

and esters 

(Provenzano et al., 2000; Ena Smidt 

& Meissl, 2007; Smith, 1998) 

1645 H-bonded C=O, C=C 
Amide I, carboxylates, aromatic ring 

modes, alkenes 

(Bellamy, 2013; Haberhauer et al., 

1998; Provenzano et al., 2000) 

1540 N-H plane Amide II 
(Bellamy, 2013; E. Smidt et al., 

2002; Ena Smidt & Meissl, 2007) 

1455 

Symmetric deformations of 

CH2, C-OH deformations, 

COO- 

- 
(Amir et al., 2010b; Omoike & 

Chorover, 2004) 

1400~1430 COO- stretch, C-O stretch Carboxylic acids, carbonate (Ena Smidt & Meissl, 2007) 

1384 N-O Nitrate (Smidt et al., 2002) 

1320 C-N Aromatics and amines (Smith, 1998) 

1265 C-O Carboxylic acids (Ena Smidt & Meissl, 2007) 

1020~1160 C-O, C-O-C, C-O-P Polysaccharides, phosphodiester 
(Bellamy, 2013; Filip & Bielek, 

2002; Senesi et al., 2003) 
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For the freshwater DOM, Suwannee River natural organic matter (i.e. DOM(N)), purchased 

from the International Humic Substances Society (IHSS), was used as the standard in this 

work. The DOM(N) was separated into two groups: one group was mixed with KBr to 

prepare pellets for measurement, and the other group was suspended in MilliQ water and 

incubated for 24 hours in an orbital shaker. Every time before measuring sewage sludge 

and leachate samples, the prepared DOM(N) solution and pellets were tested and the spectra 

compared with previous studies (Hernandez-Ruiz et al., 2012a; Swift, 1996). The spectra 

of DOM(N) obtained in this work were consistent with sample origins, indicating the results 

of ATR-FTIR spectra were reliable and applicable throughout the thesis. 

3.4.3 Determination of Constituents 

Fluorescence spectroscopy is a sensitive, rapid and non-destructive technique used to 

characterise the nature of DOM in surface water, wastewater, sludge and soil. Fluorescence 

techniques include: (i) emission scan at fixed excitation wavelengths; (ii) synchronous scan 

at a constant offset wavelength (18, 20, 40, or 60 nm) between excitation (λex) and emission 

(λem) wavelengths; and (iii) excitation-emission matrix (EEM) analysis (Chen et al., 2003; 

Hunt & Ohno, 2007; F. Lu et al., 2009). In this work, EEM analysis was used to characterise 

the DOM fractions, as EEM provides more detailed information regarding the binding 

characteristics than single or synchronous fluorescence spectroscopy, or other fluorescence 

techniques (Baker, 2001; Chen et al., 2003). Additionally, advances in fluorescence 

instrumentation have facilitated the handling of data from fluorescence scans and 

popularised the creation of EEMs.  

In general, EEM fluorescence spectroscopy measures the emission spectra over a wide 

range of excitation wavelengths, resulting in a fluorescence intensity landscape defined by 

excitation and emission wavelength ranges (Hunt & Ohno, 2007). EEM is designed to only 

measure aqueous samples, due to its UV absorbance based operating system. The EEM 

spectra are normally defined as five regions based on the excitation and emission 
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boundaries, as shown in Fig. 3.2. 

 

Figure 3.2. Location of EEM peaks based on reports in the literature and operationally 

defined excitation and emission wavelength boundaries for five EEM regions (adapted 

from (Chen et al., 2003)) 

However, EEM spectra of DOM can be composed of various types of overlapping 

fluorophores (Yamashita & Jaffé, 2008), which makes the quantitative interpretation more 

complicated and can lead to incorrect conclusions. To examine the peaks, which may reflect 

more than underlying fluorophores, parallel factor (PARAFAC) analysis was introduced in 

combination with EEM to model complex EEM landscapes into chemically meaningful 

spectral and concentration components (Hunt & Ohno, 2007; Li et al., 2014; Ohno & Bro, 

2006; Stedmon & Bro, 2008; Yamashita & Jaffé, 2008). Although still quite a new 

technique in the environmental field, the application of PARAFAC analysis has 

successfully identified four components, comprising three humic acid-like organic 

components and one protein-like organic component in municipal solid waste derived 

DOM (Wu et al., 2011), while three components, i.e. two tyrosine-like organics, 

tryptophan-like organics and humic acid-like organics, are present in DOM derived from 

anaerobic digested sludge (Li et al., 2014). In this thesis, EEM combined with PARAFAC 

analysis was applied to characterise the composition of DOM constituents in the aqueous 

phase of sewage sludge, in order to provide further information and better understanding 
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of the physicochemical properties of DOM.  

The PARAFAC modelling approach has been described in detail in previous published 

studies (Hunt & Ohno, 2007; Stedmon & Bro, 2008), so only a brief description will be 

given here. Essentially a PARAFAC model of a set of EEM landscapes provides an estimate 

of the number of fluorophores, as well as the excitation and emission spectrum of these 

fluorophores. It also provides the relative concentration of each fluorophore in each sample. 

Each fluorescence landscape measurement provides an EEM contour and when several of 

these are combined, they can be arranged in a so-called three-way array of size I × J × K, 

where I is the number of samples, J is the number of emission wavelengths, and K is the 

number of excitation wavelengths. 

In this study, EEM spectra were generated using a Jobin Yvon Horiba Aqualog® (Fig. 3.3). 

Fluorescence intensities were measured at excitation and emission wavelengths ranging 

from 240 ~ 450 nm (3-increments) and 200 ~ 550 nm (2-nm increments), respectively. 

DOM(N) was used to validate the reproducibility of the EEM spectra and serve as a readily 

available DOM source for comparison with the findings reported by other research groups 

(Chen et al., 2003; Hernandez-Ruiz et al., 2012a). Quinine sulphate solution was used to 

monitor the stability of energy emitted by xenon lamp in the fluorometer and no changes 

in quinine sulphate fluorescence were observed during the study (Chen et al., 2003). The 

water Raman peak of Milli-Q water served as the reference and the spectra were corrected 

for blanks (MilliQ) and absorbance (inner filter effect). The EEM data were then put 

through Rayleigh masking to remove the higher intensity Rayleigh scatter lines. 

Normalisation was then achieved by dividing by a specific value, which was obtained by 

running a standard of quinine sulphate to reduce the impact of varying instrument 

conditions at different times.  

The inner filtered Rayleigh masked and normalised EEM data were arranged into a three-

dimensional data array prior to PARAFAC analysis. Non-negative constraints were applied 

to the parameters in the PARAFAC analysis to make the results chemically relevant. A two 
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to eight component model can be computed for EEM data based on the sources and nature 

of DOM. Validation of the appropriate model is primarily assessed by the core consistency 

diagnostic score and the explanation of data variability, which should be close to 100% for 

the appropriate models, and will be further described in Chapter 5 ~ 7.  

  

Figure 3.3. Jobin Yvon Horiba Aqualog®, and an example of a PARAFAC model result 

3.4.4 Determination of Other Relevant Properties of DOM 

In addition to the functional groups and compositions, aromaticity and molecular weight 

distribution (MWD) are also important parameters for characterising the nature of DOM 

(Leehneer & Croué, 2003; Swietlik & Sikorska, 2006). The aromaticity of DOM has been 

reported to correlate with MWD, i.e. aromaticity increases with increasing molecular 

weight. Both are valuable characterisation parameters for the assessment of DOM reactivity 

(Swietlik & Sikorska, 2006). 

The measurement of aromaticity is achieved by a non-destructive analytical method, i.e. 
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specific ultraviolet (SUVA) absorbance at 254 nm (SUVA254) (Singer & Association, 1999). 

SUVA254 is defined as the ratio of ultraviolet light absorbance at wavelength 254 nm to the 

concentration of DOM, i.e. UV (m-1)/DOC (mg L-1), which provides a quantitative measure 

of aromatic content per unit concentration of organic carbon. 

In this work, the ultraviolet absorbance of DOM at 254 nm (UV254) was measured with a 

Jobin Yvon Horiba Aqualog® (Fig. 3.3), along with determination of the constituents of 

DOM. The value of SUVA254 was then calculated according to the definition described 

earlier. It should be noted that the sewage sludge leachate needs to be diluted to make the 

value of UV254 lower than 0.5, to eliminate interference due to high DOM concentration.  

MWD is measured by using pressure size-exclusion liquid chromatography (HP-SEC). HP-

SEC has commonly been implemented to determine the MWD of DOM from a variety of 

aquatic and terrestrial environments and sewage sludge (O’Loughlin & Chin, 2001). The 

advantages of HP-SEC over other analytical techniques include the small sample volumes 

required, simplicity of pre-treatment, ease and speed of analysis and its suitability for use 

with several detectors, e.g. UV-VIS (Zhou et al., 2000).  

The MWD is normally represented by several parameters, including average molecular 

weight (Mn), weight-average molecular weight (Mw), and polydispersity (ρ). The Mn and 

Mw are determined using the following equations (Yau et al., 1979): 

𝑀𝑛 =
∑ ℎ𝑖𝑛

𝑖=1

∑
ℎ𝑖

𝑀𝑖
𝑛
𝑖=1

                              Eq (3-1) 

𝑀𝑤 =
∑ ℎ𝑖𝑀𝑖𝑛

𝑖=1

∑ ℎ𝑖𝑛
𝑖=1

                            Eq (3-2) 

ρ=Mw/Mn                                Eq (3-3)  

where hi is the height (detector response after baseline correction) of the sample HP-SEC 

curve at retention time Ri; and Mi is the molecular weight at retention time Ri, determined 

from the standard calibration curve.  

In this work, the measurement of molecular weight followed the method described by Zhou 

et al. (2000), which has been commonly used in previous studies (Feng et al., 2015; Swietlik 



Chapter 3 Analytical Techniques  

71 

 

& Sikorska, 2006). After pre-treatment of the samples, molecular weight was determined 

by using a DIONEX HPLC unit equipped with UV-detection at 215 nm (AD 25 detector, 

Dionex, USA). The eluent was MilliQ water with 2.0 mM KH2PO4, 2.0 mM K2HPO4.3H2O 

and 0.1N NaCl, pH 6.72. The flow rate was 0.5 mL min-1 and the analysis time was 40 mins. 

The injection volume was 25 μL. The calibration curve was obtained with 100 mg L-1 of 

Poly styrene sulfonate (PSS) with molecular weights of 4.6K, 8.0K, 18K, 35K. The eluent 

used was the same as for the measurement sample, but with 58 Daltons acetone dissolved 

in the solution as a low molecular weight standard. 

3.5 Determination of the Selected Organic Micropollutants  

To investigate the leachability and availability of the selected OMPs in sewage sludge, it is 

essential to develop and apply a sensitive, reliable and rapid method for detecting multi-

classes of OMPs in both solid phase and aqueous phase of sewage sludge samples.  

Throughout this thesis, the external standard method was used due to low commercial 

availability of corresponding internal standards for each analyte. However, three 

isotopically labelled compounds, i.e. SMX-16C (ESI+), 13C-NPX-d3 (ESI-) and BPA-d6 

(ESI-), were employed to further ensure the accuracy of the analytical methods in this work. 

It should be noted the selection of the three isotopically labelled compounds was based on 

their availability, properties and costs of corresponding internal standards  

3.5.1 Extraction of 16 OMPs in Sewage Sludge Leachate Samples 

Solid-phase extraction (SPE) was used to extract the OMPs from aqueous samples, i.e. 

sewage sludge leachate. This extraction technique is well-developed and is commonly used 

in determining the concentrations of OMPs in both drinking water and wastewater (Englert, 

2007). The SPE procedure applied in this work was adapted from Vanderford et al. (2003) 

and EPA Method 1694 (Englert, 2007), with some modifications.  

The sewage sludge aqueous samples (50mL), which had been passed through 0.45 µm 
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regenerated cellulose (RC) filters, were extracted by SPE using a 6 mL, 500 mg 

hydrophilic-lipophilic balance (HLB) cartridge. The HLB cartridge was sequentially 

preconditioned with 5 mL of methyl tert-butyl ether (MTBE), 5 mL of methanol and 5 mL 

of MilliQ water. To determine the recoveries of the OMPs by SPE, 10µL 1.0 mg/L internal 

standards were added into samples. The samples were then spiked with a mixed 20 mg/L 

of OMP standard solution and internal standards to reach the final concentrations of 0.05, 

5 and 5 mg/L. The spiked samples were loaded onto the cartridges at a flow rate of 5 

mL/min, after which the cartridges were rinsed with 5 mL of MilliQ water and dried for 1 

hour. The cartridges were then eluted with 5 mL of 10/90 (v/v) methanol / MTBE followed 

by 5 mL of methanol in centrifuge tubes. The extracts were concentrated by a rotary 

evaporator at the speed of 1200 rpm at 30 °C to a volume of about 700 μL. Then the 

concentrated extracts were brought to final volume of 2.0 mL using acetonitrile/methanol. 

When this procedure was applied to the analysis of leachate samples, the pre-spiking of the 

OMP standards was omitted while the other steps were kept the same. To ascertain if lime 

amendment influenced the efficiency of SPE, recovery of the 16 OMPs with pre-spiked 

lime-amended sewage sludge leachate was also conducted following the procedures 

described above. 

3.5.2 Extraction of 16 OMPs in Sewage Sludge Solid Samples 

Most analytical instruments are unable to handle sewage sludge matrices directly, thus 

some pre-treatment processes are needed, i.e. isolating the OMPs from sewage sludge. Due 

to the complexity of the sewage sludge matrices, the extraction of OMPs in the solid phase 

of sewage sludge samples is a difficult task, and not as straightforward as that of aqueous 

samples (Chenxi et al., 2008; Niemi et al., 2013). To achieve a reliable and precise 

measurement method for the selected OMPs, the extraction method to pre-extract the OMPs 

from sewage sludge solid phases was specifically developed from existing methods for 

sludge and other solid waste (Yongshan Chen et al., 2013; Englert, 2007; Shafrir & Avisar, 

2012) 
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In this work, a microwave-assisted solvent extraction (MAE) was used as the pre-extraction 

method for isolating the OMPs from sewage sludge solid phases. It required less time and 

lower solvent consumption, and improved extraction throughput (in some instances linked 

to automation), recoveries, and reproducibility (Hu et al., 2010; Matuszewski et al., 2003; 

Rice & Mitra, 2007; Sanchez-Prado et al., 2010) compared to other extraction methods 

such as soxhlet extraction and simultaneous distillation-solvent extraction. The main 

parameters influencing MAE performance include the nature of the solvent, solvent volume, 

exposure time and temperature (Sanchez-Prado et al., 2010). A series of trials was carried 

out to determine the optimum solvent (type and volume), exposure time and temperature 

for extracting the 16 selected OMPs, according to the method described in a previous study 

carried out by Nieto et al. (2010). Based on the optimisation of the relevant MAE 

parameters through a series of trials, the chosen parameters for solvents, extraction duration 

and extraction temperature are presented in Table 3.2. 

Briefly, the sewage sludge samples were freeze dried and ground to pass through a 1 mm 

filter, according to EPA Method 1694 (Englert, 2007). Two internal standards (10µL 1mg/L) 

were added to approximately 1 g lyophilised samples, and the samples then spiked with a 

mixed standard to final concentrations of 0.05, 0.5 and 5 mg/kg. The pre-spiked samples 

were further mixed with organic solvent and extracted with the MAE method based on the 

relevant parameters, as shown in Table 3.2. After MAE of the sewage sludge samples, the 

extracts were cleaned up, concentrated and reconstituted by following the procedures 

described in Section 3.5.1 to further eliminate the interference of sewage sludge matrices. 

For the extraction of sewage sludge samples, the pre-spike treatment was omitted, while 

the other procedures were the same as described above. 
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Table 3.2. MAE method and some of parameters for instrumental detection 

OMPs MAE method 
Retention 

time (min) 
ESI1 

Column temperature 

(°C) 
Mobile phase 

SMX/SMX-13C Solvent: 

Acetonitrile:DI (50:50, v:v) 

Duration: 15 minutes 

Runs: twice 

Temperature: 80 °C 

13.204 + 

30 
Mobile phase A 0.1% formic acid 

Mobile phase B: Acetonitrile 

FLU 17.632 + 

ERY 16.710 + 

CBZ 19.161 - 

NPX/13C-NPX-d3 Solvent: 

Methanol:acetone (50:50, v:v) 

Duration: 15 minutes 

Runs: twice 

Temperature: 80 °C 

6.353 - 

25 

Mobile phase A 0.1% ammonia 

acetate 

Mobile phase B: Methanol 

GFB 9.085 - 

TCS 9.827 - 

BPA/BPA-d6 

Solvent: 

Methanol:Acetone (50:50, v:v) 

Methanol:DI (50:50, v:v) 

Duration: 15 minutes 

Runs: twice 

Temperature: 100 °C 

8.330 - 

30 

Mobile phase A 0.1% formic 

acid+10% methanol 

Mobile phase B: Acetonitrile 

EE1 16.652 - 

E1 17.116 - 

DCF 18.225 - 

PMD 18.519 + 

TST 20.629 + 

PGT 22.298 + 

4-tert-OP 24.872 - 

4-NP 26.902 - 
1 ESI is the abbreviation of electrospray ionisation, including positive mode ESI and negative mode ESI.  
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 Table 3.3. The optimum tune page settings, the parent transitions and calibration curves for the selected PPCPs determined by LC/MS 

OMPs LC gradient m/z 
DL Voltage 

(V) 

Qarray DC 

Voltage (V) 

Qarray RF 

Voltage (V) 

Calibration curve 

(5 points, R2>0.97) 

SMX T0=10% B 

0.2 mL/min 

T5=10% B 

0.2 mL/min 

T24=60% B 0.3 

mL/min 

T30=100% B 

254 0 0 39 y = 1966x + 194313 

FLU 310 40 60 91 y = 3184.2x + 1E+06 

ERY 735 0 0 91 y = 3504.4x + 610569 

CBZ 237 40 30 26 y = 2826.8x + 377897 

NPX T0=40% B 

0.2 mL/min 

T13.5=100% B 

0.2 mL/min 

T13.7=40% B 

T17=40% B 

229 -79.9 0 39 y = 117.3x - 40559 

GFB 249 -79.9 -30 39 y = 8952.2x + 5E+06 

TCS 286.85 -79.9 -30 39 y = 18048x + 7E+07 

SMX-16C Similar to SMX 260 0 0 39 y = 2000000x +7383.2 

13C-NPX-d3 

(ESI-) 
Similar to NPX 233 -79.9 0 39 y = 189466x - 20273 
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3.5.3 LC/MS and HPLC Analysis of the Selected OMPs 

After pretreatment of the samples, the concentrations of the seven PPCPs were determined 

using a Shimadzu liquid chromatography mass spectrometer (LC/MS) 2020 with an 

electrospray ionisation (ESI) interface. The selective ion monitoring (SIM) mode was used 

for quantitative analysis. The concentrations of the nine selected EDCs were measured by 

a Shimadzu high pressure liquid chromatograph (HPLC), equipped with a Photodiode 

Array Detector (PDA) scanning from 200 to 600 nm. The PPCPs were separated on the 

Agilent Eclipse 4.6×150 mm Plus C-18 column (5μm, 100Å, end-capped) for LC/MS 

determination. For HPLC measurement of the EDCs, the compounds were separated on the 

Kinetex 150×4.6 mm XB-C18 column (5μm, 100Å, end-capped). It should be noted that 

each ionisation method was optimised independently using separate source-tuning 

parameters for LC/MS determination. The optimised tune page settings along with 

calibration curves for each compound are listed in Table 3.3 and 3.4. 

The concentrations of the OMPs were determined by comparing the response of each OMP 

in the samples to the response of each OMP in the standards over the range of the calibration 

curve. Blanks were prepared by Milli-Q water using the same procedures performed for 

aqueous and solid samples in Section 3.5.1 and 3.5.2. In the blanks, all OMPs were below 

the limit of detection.  

Limit of detection (LOD) and limit of quantification (LOQ) are defined as the 

concentrations corresponding to a signal-to-noise (S/N) ratio of 3 and 10, respectively 

(Gros et al., 2006). The LOD and LOQ of each OMP were determined by using the 

calibration curves, which were respectively calculated as: 

  LOD=3.3×
𝜎

𝑆
                              Eq (3-4) 

 LOQ=10×
𝜎

𝑆
                               Eq (3-5)   

where σ is the standard deviation of the response, and S is the slope of the calibration curve. 



Chapter 3 Analytical Techniques  

77 

 

Table 3.4. The instrumental methods and calibration curves for the selected EDCs 

determined by HPLC-UV detector 

EDCs LC gradient 
Optimum UV 

Wavelength (nm) 

Calibration curve 

(5 points, R2>0.99) 

BPA 

T0=5% B 1.0 mL/min 

T0.5=40% B 1.0 

mL/min 

T7=95% B 1.0 mL/min 

T40=95% B 1.0 

mL/min 

T42=40% B 1.0 

mL/min 

T45=5% B 1.0 mL/min 

254 y = 27927x - 8263.3 

EE1 200 y = 105394x - 9812.4 

E1 200 y = 70446x - 15709 

DCF 200 y = 63566x - 7834.8 

PMD 200 y = 72474 - 17436 

TST 254 y = 64846x – 1502.5 

PGT 254 y = 22347x – 35.235 

4-tert-OP 200 y = 48337x - 14818 

4-NP 200 y = 24228x – 2084.4 

BPA-d6 230 y = 10466x - 29385 

3.5.4 Assessment of Recovery, Matrix Effects and Process Effects 

The results of the concentrations of the selected OMPs determined by the developed 

extraction and advanced instrumental methods, as shown in Section 3.5.1 ~ 3.5.3, could 

have been adversely affected by lack of sensitivity due to ion suppressions caused by the 

sample matrix, and interference from metabolites and ‘cross-talk’ effects and/or overall 

process effects (Matuszewski et al., 2003). The same study also indicated that the 

mechanism and origin of matrix effects and overall process effects originate from the 

competition between analyte and the coeluting, undetected matrix components with 

primary ions formed in the LC/MS interface, and experimental loss. Some previous studies 

have similarly reported the remarkable influence of matrix effects, process effects and 

interferences on the reliability of determination and integrity of OMP data (Ding et al., 2011; 

Golet et al., 2002; Li et al., 2009a). It is clear that the assessment of recovery, matrix effects 
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(ME) and process effects (PE) during development and validation of measurement methods 

is essential to ensure the precision, selectivity and sensitivity of determination of the OMPs 

is not compromised (Furey et al., 2013; Shah et al., 2000).   

In this work, the procedures used to determine RE, ME and PE followed the method applied 

in previous work by Li et al. (2009a). The final 2.0 mL eluant obtained from Section 3.5.2 

was divided into two aliquots and transferred into two amber vials: 1000 µL (A) and 900 

µL (B). Then 10µL 1.0 mg/L internal standard and 20 mg/L of OMP standard solution were 

post-spiked into B to reach the final concentrations of 0.05, 0.5 and 5 mg/L. The values of 

RE, ME and PE are calculated by the following formulas: 

100
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Eq (3-8) 

where a is the concentration in pre-spiked eluant (A); b is the concentration in post-spiked 

eluant (B); k is the concentration in the eluant for the original wastewater sample without 

spike; and T is the calculated theoretical spiked concentration. 

3.6 Determination of Concentrations of Metals 

Methods for determining the concentrations of metals in sewage sludge and sewage sludge 

leachate are well developed due to long-standing concerns about the hazards of metals for 

the environment and human life. In this work, EPA Methods 3051 and 3015 in SW 846 

were used (USEPA, 2007; USEPA, 1995), in combination with a Milestone Microwave 

Digestion System, to extract the selected metals from sewage sludge and sewage sludge 

leachate samples, respectively. In contrast to the ‘standard methods’ previously described 

for the determination of OMPs (Englert, 2007), the standard methods, for measuring 

concentration of metals have been widely accepted and successfully applied to a wide range 

of previous studies in leachate, biosolids/sludge and soil (Ahlberg et al., 2006; Chirenje et 
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al., 2002; Li et al., 2001; Lin & Lin, 2005). Details and further validation of these standard 

methods are not repeated and replicated in this thesis. However, to assist a better 

understanding of the standard method used, the procedures applied with the microwave 

digestion system are listed in Table 3.5. During the measurement of metal concentrations, 

all glassware and vessels were washed with nitric acid to ensure no background or outside 

metals were introduced to contaminate testing procedures. In addition, blank samples 

spiked with mixed metal standard (Cd, Cu, Ni, Pb and Zn) were run with each set of analysis 

to ensure the results were reliable and precise.  

Table 3.5. Milestone Microwave Digestion System procedures for extraction of the selected 

metals in sewage sludge and sewage sludge leachate 

Step 

Sewage sludge  Sewage sludge leachate 

Temperature 

(°C) 

Ramp time 

(min) 

Hold time 

(min) 

Temperature 

(°C) 

Ramp time 

(min) 

Hold time 

(min) 

1 0~175 5 0 75 2 2 

2 175 - 10 125 2 2 

3 - - - 175 2 10 

Prior to the digestion of samples, the sewage sludge samples were dried in the oven at 

105 °C overnight. The dried sewage sludge was then sieved to a maximum particle size of 

0.149 mm or smaller. Half gram weights of these were placed into PTFE vessels, followed 

by the addition of 10 mL of concentrated (~ 65%) HNO3. The ensuing vigorous reaction 

was allowed to continue for 1 min before the vessels were put into the microwave digestion 

system. The vessels were evenly distributed in the microwave digestion system. After 

digestion, the vessels were uncapped and the contents transferred to centrifuge tubes. The 

samples were centrifuged at 2000 ~ 3000 rpm for 10 mins, filtered with 0.45 μm PTFE 

filters and diluted to known volumes to ensure samples and standards were matrix matched. 

For the leachate samples, 45 mL of sample was mixed with 5 mL of concentrated (~ 65%) 

HNO3 and poured into the PTFE vessels. The procedures for the treatment of samples after 

digestion were the same as the processing steps for the sewage sludge samples. 



Chapter 3 Analytical Techniques  

80 

 

In addition, determination of the metals dissolved in aqueous phase was carried out in the 

case of no leachate production. Since the total concentration of metals determined in the 

solid phase is not able to provide enough information about the leaching potentials or 

availability of metals in sewage sludge. Several studies have demonstrated the high 

solubility of exchangeable metals and the potential environmental damage caused by the 

soluble metals in sludge-amended soil (Chaudhuri et al., 2003; Walters et al., 2010). In this 

thesis, the extraction of soluble metals followed the method developed for exchangeable 

metals, which is proposed by Tessier et al. (1979) and Quevauviller et al. (1994). Briefly, 

2g of dried and sieved sewage sludge samples were mixed with 1 M CH3COONa at the 

ratio of 1:10 (w/v; pH 8.2) for 16 hours in sealed flasks at room temperature. The samples 

were then centrifuged and the supernatants were collected for further use.  

After the selected metals were extracted, the concentrations were determined by employing 

an Inductively Coupled Plasma Mass Spectrometry (ICP-MS). A 5-point calibration curve, 

in the range of 0.1, 1, 5 and 10 mg/L, was preparing by using metal standards (Cd, Cu, Ni, 

Pb and Zn). The determination of the selected metals in samples was achieved by 

comparison with the calibrations curve. 

3.7 Determination of Shear Strength 

Shear strength is one of the most important parameters to consider in terms of placement 

of sewage sludge in land/monofill. The UU triaxial test method enables boundary 

conditions to be well controlled and produces more reliable results compared to other 

methods, e.g. hand shear vane (Kayser, 2012a). 

The UU triaxial tests were all carried out at a cell pressure of 100 kPa and a strain rate of 

0.05 mm/min. The cell pressure was chosen to be representative of the average overburden 

pressure of 10m of sewage sludge. Specimens with a height of 150 mm and a diameter of 

76 mm were used. Due to the extremely low shear strength (range of 4~50kPa, but most 

less than 15kPa), a submersible load cell of 3kN was utilised. An overview of the 
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instrumental limitations and the accuracy of the measurements is shown in Table 3.6. 

Table 3.6. Accuracy of triaxial cell measurement equipment 

Instrument Measure range Product accuracy 

Measured 

accuracy with 16 

A/D converter 

3 kN load cell 0~3 kN 
0.05 (Non-linearity) 

0.0% (Hysteresis) 
2 decimals 

LVDT Displacement 

transducer 
±25 mm <±0.5/±0.25/±0.1 0.3% 

Cell pressure transducer ~2000 kPa (300 psi) 0.25% 0.1% 

Pore pressure 

transducer 
~2000 kPa (300 psi) 0.25% 0.4% 

3.8 Microstructure and Mineralogy of Sewage Sludge 

Several tests for observing the microstructure and mineralogy of sewage sludge were 

carried out to enable a better understanding of sewage sludge structure. For the 

investigation of microstructure and mineralogy of sewage sludge and lime-amended 

biosolids, Environmental Scanning Electron Microscopy (ESEM) and x-ray diffraction 

(XRD) were performed. 

ESEM tests were carried out using an FEI Quanta 200F in order to obtain high resolution 

images of the cross section and surface morphology of the sewage sludge. Samples were 

air dried on studs (Kayser, 2012a; Malkawi et al., 1999) and then platinum coated.  

In order to identify the component mineral phases in samples, XRD analysis was carried 

out using a Philips PW 1130 high voltage generator with a copper anode X-Ray tube at 

40kV and 20mA, and a scanning speed of 2°/min for 0-60° 2Θ. Prior to the XRD analysis, 

sewage sludge was dried in the oven overnight at 60 °C. The dried sewage sludge was 

pulverised to fine powder to eliminate interference from uneven particle distribution.  
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3.9 Summary 

Testing methods for characterising soil were used (with some minor adaptations) to 

determine the sewage sludge water content, pH, VS and Atterberg Limits, as sewage sludge 

have the same constituent parts as residual or sedimentary soils (solid, liquid and gas). 

The concentrations of sewage sludge organic matter and DOM were determined by a 

Shimadzu TOC analyser. The physicochemical properties of sewage sludge organic matter 

and DOM were investigated by advanced techniques, i.e. ATR-FTIR, EEMs combined with 

PARAFAC analysis, UV-VIS and HP-SEC.  

The measurement of the OMPs in sewage sludge was a difficulty in this thesis, as no 

officially accepted standard method has been established, although increasingly more and 

more researchers have engaged in the investigation of OMPs. In this work, reliable and 

reproducible methods were developed to determine the concentration of the 16 selected 

OMPs in sewage sludge, based on the literature reviewed and the proposed EPA method 

(Englert, 2007). Measurement of OMPs in sewage sludge solid phase was the particular 

focus because OMPs can tightly attach to sewage sludge, which makes the extraction of 

OMPs very difficult and thus results in unsatisfactory recoveries. In this thesis, the MAE 

method combined with the SPE clean-up method and the application of advanced 

instrumental measurement were developed for the determination of the OMP 

concentrations in the solid phase of sewage sludge samples. To validate the developed 

method used in this thesis for the measurement of the OMPs in sewage sludge, values of 

recoveries (RE), matrix effects (ME), process effects (PE), limit of detection (LOD) and 

limit of quantification (LOQ) were determined.  

Measurement of the metals’ concentrations followed the US EPA methods, which was 

found sufficient for precisely and reliably measuring the concentrations of selected metals 

and the shear strength of the sewage sludge. Analysis of the microstructure and mineralogy 

of sewage sludge was achieved by XRD and ESEM tests, using dry sewage sludge.  
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Chapter 4. Properties of Sewage Sludge 

4.1 Introduction  

This chapter presents the results of the concentrations of the 16 selected OMPs and 5 trace 

metals in sewage sludge. The recoveries of the developed extraction and measurement 

methods for determining the concentration of the selected OMPs are also shown in this 

chapter, to verify that the methods employed are effective and reliable for precisely 

determining the concentrations of OMPs in both solid and liquid phases. To ensure the 

determination methods were sensitive and reliable, this chapter also shows the recovery, 

limit of detection (LOD) and limit of quantification (LOQ) for each selected OMP. 

The functional groups, molecular weight distribution, aromaticity and constituents of DOM, 

are also shown to fully understand the properties of sewage sludge DOM. The basic 

characteristics of sewage sludge, e.g. water content, VS, pH, Atterberg Limits, specific 

gravity and shear strength, are described as well. Some results relating to the microstructure 

and mineralogy of sewage sludge are also presented, and used to interpret its structural 

properties. Some properties of amended biosolids are also presented in this chapter. 

4.2 Results and Discussion 

4.2.1 Geotechnical Properties of Sewage Sludge 

4.2.1.1 Basic Geotechnical Properties of Sewage Sludge 

The characteristics of sewage sludge vary due to production processes, the season, the 

sources of wastewater, and so on. The sewage sludge collected in January and August from 

the Rotorua WWTP, to represent sewage sludge in summer and winter seasons, along with 

the characteristics of Mangere sewage sludge, are listed in Table 4.1. The collection of 

sewage sludge samples throughout this thesis is detailed in Table AI.1 in Appendix I. 
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Table 4.1. Comparison of basic properties of sewage sludge in Rotorua and Mangere WWTP 

Sewage sludge Water content (%) 
VS3 

(%) 
pH 

Atterberg limits 

(%) 
Biosolids Water 

content (%) 

VS 

(%) 
pH 

Atterberg 

limits (%) 

LL PL  LL PL 

Summer Rotorua  339.9 87.6 4.87 745 319 
20% lime-amended 

Rotorua  
315.8 52.6 13.9 - - 

Winter Rotorua  552.6 85.3 5.1 -2 - 
20% lime-amended 

Mangere  
260~285 50~55 12.0 - - 

Mangere  330~380 65~70 8.3 666 105       
1 refers to the results from the work conducted by (Kayser, 2012a). 
2 no data. 
3 the measurement of VS is based on dry mass of sewage sludge. 

Table 4.2. Comparison of shear strength of sewage sludge and 10% lime-amended biosolids collected from Rotorua and Mangere WWTP 

Type 

Rotorua  Mangere  

Sewage 

sludge 

lime-amended 

biosolids (10%) 

Sewage 

sludge 

lime-amended 

biosolids (10%) 

Shear strength 

(kPa) 
2.5 3.6 3.0 8.3 
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As shown in Table 4.1, of the properties listed, the water content of sewage sludge from the 

Rotorua WWTP varied most significantly between the seasons. The high water content 

observed for winter Rotorua sewage sludge is likely due to differences in the dewatering 

processes for producing sewage sludge between two sampling periods, or mistakes caused 

by human error in laboratory. The latter factor can be eliminated, as the water content 

determined here is comparable to the results presented in Fig. 5.4 and 7.27 for sewage 

sludge collected in similar period as the sewage sludge used for this test (Table AI.1). It is 

could have suggested that the difference in water content may be related to variation in the 

addition of polyelectrolyte, or other changes in dewatering processes. More information 

regarding the process of wastewater treatment and sewage sludge production is required to 

fully explain the varied results for water content presented in this work.  

The relatively stable values for VS and pH could be associated with consistent wastewater 

treatment processes and the wastewater sources in winter and summer in the Rotorua 

WWTP. The values of all the parameters listed for Mangere sewage sludge are lower than 

those observed for Rotorua sewage sludge. The differences in the properties of the sewage 

sludge could be closely related to different treatment and production processes of sewage 

sludge, as Mangere sludge goes through anaerobic digestion before being dewatered while 

Rotorua sewage sludge are the products of dewatered sludge only. In addition, the Mangere 

WWTP treats the wastewater from both domestic and industrial sources, while the 

wastewater received in the Rotorua WWTP is mostly from domestic usage, which may also 

contribute to the differences observed in sewage sludge properties in two WWTPs. 

After lime amendment, the values for water content and VS were reduced and pH was 

significantly increased for both Rotorua and Mangere sewage sludge. The use of Atterberg 

Limits resulted in a liquid limit of 4% and a plastic limit of 319% for Rotorua sewage 

sludge. This led to a plasticity index of 426%. The natural water content of the sewage 

sludge, as measured directly after the centrifugal dewatering, was more than 2/3 of the 

plasticity index and thus far from being a liquid. This explains the sponge like nature of the 
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material, which is consistent with the previous findings on the nature of Mangere sewage 

sludge (Kayser, 2012a). 

4.2.1.2 Shear Strength 

The shear strength of the sewage sludge was 2.5 kPa, which is much less than the 

requirement of 25 kPa usually specified for monofills (Koenig et al., 1996). After 10% lime 

amendment, the shear strength of Rotorua biosolids was increased, but only to a limited 

degree of 3.6 kPa. For Mangere biosolids, the shear strength increased to 8.3 kPa after the 

same amount of lime amendment, but still did not reach the minimum requirement of 25 

kPa. The difference in the enhancement of shear strength after lime amendment is likely 

attributable to the different characteristics of biosolids in Rotorua and Mangere. Rotorua 

sewage sludge have much higher water content, higher organic matter and lower pH than 

for Mangere sewage sludge, and these factors are all closely related to shear strength. The 

results suggest amendment of biosolids is essential before the final disposal in landfill or 

reuse for land reclamation, due to both environmental and geotechnical concerns. 

4.2.2 Concentrations and Properties of Organic Matter/DOM 

Some of the results with respect to TOC/DOC, functional groups, constituents, SUVA254 

and molecular weight of DOM are presented in this section (Table 4.3). It should be noted 

that the FTIR and EEM spectra of DOM(N) derived from this work were consistent with its 

origins and the results reported in previous studies (Hernandez-Ruiz et al., 2012a; Swift, 

1996), indicating the methods and instrument were reliable for qualifying the functional 

groups of sewage sludge organic matter/DOM in this thesis. 

In the sewage sludge, organic carbon made up nearly half of the dry mass, while the content 

of organic carbon reduced in lime-amended biosolids. The reduction could be related to the 

fact that lime contains no organic matter, and so lime replaced the same amount of biosolids 

when biosolids were amended with lime. Large quantities of organic matter can be 

dissolved in biosolids aqueous phases, since organic components consist of large fractions 



Chapter 4 Properties of Sewage Sludge 

87 

 

of hydrophilic groups, e.g. carboxylic groups (-COOH) and alphatic groups (C-H), which 

result in the detection of DOC (Leehneer & Croué, 2003). Lime amendment increased the 

concentrations of DOC largely because of the elevated pH resulting from the release of 

hydroxide ions after adding lime. This is likely due to high pH leading to the dissociation 

of acidic functional groups contained in DOM, such as carboxylic groups. The 

deprotonated DOM components then tend to desorb from the biosolids surface due to 

electrostatic repulsion, since the microorganisms contained in biosolids also have a 

negatively-charged surface. 

 Table 4.3. TOC/DOC and SUVA254 of sewage sludge/biosolids organic matter 

Parameters 

sewage sludge/biosolids Leachate 

Sewage 

sludge 1 

20% Lime-

amended 

biosolids 2 

Sewage 

sludge1 

20% Lime-

amended 

biosolids2 

Mangere 

TOC (%, 

DM) 
45.6 32.2 - - - 

DOC (g/L) -3 - 43.2 57.9 1.5 

SUVA254 

(L m-1mg-1) 
- - 4.66 2.43 - 

1 and 2 refer to Rotorua sewage sludge and Rotorua lime-amended biosolids 

3 no data found 

The concentration of DOC detected in Mangere sewage sludge leachate was approximately 

30 times less than for the Rotorua sewage sludge, possibly due to the different wastewater 

sources and sewage sludge production processes. For example, anaerobic digestion and 

dewatering processes are involved in sewage sludge production in the Mangere WWTP, 

while in Rotorua WWTP the production of sewage sludge is only a process of dewatering 

of sludge received from wastewater treatment process. The SUVA254 of DOM reduced from 

above 4 L mg-1 m-1 to below 3 L mg-1 m-1 after lime amendment. The result is consistent 

with a finding from a previous study indicating that DOM components vary from 
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hydrophobic, aromatic and high molecular weight fractions in sewage sludge leachate to 

non-humic, hydrophilic and low molecular weight materials in lime-amended biosolids 

leachate (Karanfil et al., 2002). 

The FTIR spectra of sewage sludge and sewage sludge leachate (with and without lime 

amendment) are overlain for direct comparison in Fig. 4.1a and b. In the sewage sludge and 

sewage sludge leachate, the prevailing IR bands centered at 1652/1653, 1541/1548 and 

1060/1072 cm-1 were assigned to amide moieties and asymmetric carboxylate, amide II, N-

H bending and C-N stretching and polysaccharides, according to the literature as detailed 

in Table 3.1. The results indicate sewage sludge are enriched in protein and microbial 

derivation products, consistent with the samples originating from similar sources (Calace 

et al., 2001; Hernandez-Ruiz et al., 2012a; Omoike & Chorover, 2004). 

After lime amendment, IR bands at 1423/1400 cm-1 appeared and formed an intense group, 

apart from amide groups at 1652/1653 and 1541/1548 cm-1. The relative absorbance 

intensity of the peaks at 1060/1072 cm-1 decreased after lime amendment. Compared to the 

solid samples of sewage sludge, in particular after lime amendment, the DOM in the 

aqueous leachate had a much higher absorbance peak at 1548 and 1400 cm-1 in the FTIR 

spectra. This could be associated with the strong hydrophilic ability and dissociation of the 

molecules containing carboxylic groups at high pH, consistent with the increase in the 

concentration of DOC described above. Inorganic carbonate groups may contribute to the 

bands at 1423 and 1400 cm-1 in solid and liquid phase of lime-amended biosolids, as 

described in Section 3.4.3. A previous study presented similar findings from the 

investigation of DOM extracted from biosolids composting products, showing both organic 

molecules and the C-O stretch of carbonate are likely to contribute to the band at 1425cm-

1 (Wang et al., 2013). However, using carbonate spiking sewage sludge and lime-amended 

biosolids samples to examine the contribution of the carbonate to the band centered at 1425 

cm-1 was not considered in this work. Future relevant work should be carried out to find 

out how much the inorganic carbonate groups contribute to the peaks of 1423 and 1400 cm-
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1 in addition to the organic molecules in biosolids lime amendment. 

 

Figure 4.1. FTIR spectra of a) sewage sludge and lime-amended biosolids, and b) sewage 

sludge and lime-amended biosolids leachate 

A distinct peak at EX/EM 275/350, which has been assigned to microbial by-product-like 

organics (Region IV) such as amino acids and polysaccharides, was observed in the EEM 

spectra of DOM in sewage sludge. Apart from the microbial byproducts, fractions attributed 

to humic acid-like organics (Region V) also prevailed in the sewage sludge DOM due to 

the large amount of carboxylic functionality. These results regarding to the composition of 

DOM constituents are consistent with the sample origins reported in the literatures (Baker, 

2001; Chen et al., 2003).  

 

Figure 4.2. Full scan EEM fluorescence contour of a) sewage sludge leachate, and b) lime-

amended biosolids leachate in five operationally-defined regions 

After lime amendment, the peak shifted to higher excitation and emission wavelengths at 

330/380 nm, which was also attributed to microbial by-product-like organics (Region IV) 

a) b) 

a) b) 
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as shown in Fig. 4.2b. A new peak centered at EX/EM of 350/400, which is associated with 

humic acid-like organics (Region V), was present. In particular, the fluorescence intensity 

of microbial byproducts reduced while it increased for humic-like organics, which could 

be related to the increase in pH in lime-amended biosolids. Additionally, the shape of the 

organic components’ contours changed compared to the observations derived from sewage 

sludge, which is in agreement with a previous finding indicating that the composition and 

configurations of the organic components derived from wastewater are modified with 

increasing pH (Patel-Sorrentino et al., 2002). However, EEM spectra may not fully 

represent the composition of DOM, since some components are possibly overlapped by 

fractions with significantly high fluorescence intensity. PARAFAC analysis is essential to 

completely reveal the DOM constituents. The results of the PARAFAC analysis, as well as 

further investigation of the impacts of lime amendment on the DOM properties, will be 

presented in Chapters 6 ~ 8. 

Lime amendment changed the MWD of DOM, as shown in Fig. 4.3. The molecular weight 

of DOM constituents ranged over 0.01 ~ 1000 kDa in sewage sludge, while most of the 

fractions were in the molecular weight range 10 ~ 1000 kDa in the DOM derived from 

lime-amended biosolids. The detector responses of the peaks, which corresponded to the 

organic components with high molecular weight, increased after lime amendment 

compared to the sewage sludge. The results relating to the changes in the MWD of DOM 

after lime amendment could have indicated changes in the composition of DOM 

constituents, e.g. shifting from microbial byproducts to humic acid-like and protein-like 

organics (Collins et al., 1986). Additionally, the values of Mw and Mn further indicate the 

effects of lime amendment on MWD of DOM. The decrease in the value of ρ found after 

lime amendment likely suggest that lime may reduce the heterogeneity of DOM, although 

the DOM in lime-amended biosolids leachate has also been found to be heterogonous 

(Cabaniss et al., 2000). 
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Figure 4.3. Molecular weight distribution (MWD) of sewage sludge and lime-amended 

biosolids leachate DOM (Weight-average molar mass (Mw), number-average molar mass 

(Mn) and polydispersity (ρ) index are indicated) 

4.2.3 Recoveries, Limit of Detection, Limit of Quantification and 

Concentrations of the 16 OMPs 

In this section, the concentrations, recoveries, limit of detection (LOD) and limit of 

quantification (LOQ) for NPX, SMX and BPA are reported based on the internal standard 

method in both liquid and solid phase samples. For the other 13 OMPs, external methods 

with mixed OMPs standard were utilised to present their relevant results. 

4.2.3.1 Recoveries of the Extraction Methods 

Validation of the developed methods for measuring the OMPs’ concentrations was 

determined through the values of recoveries, matrix effects, process effects, limit of 

detection (LOD) and limit of quantification (LOQ) by the procedures described in the 

Section 3.5. The instrument was shown to be reliable based on instrument precision, which 

is represented by relative standard deviation (RSD), i.e. the coefficient of variation, ranging 

from 0.96 (GFB) ~ 9.39% (ERY). The medians of recoveries were 65.5% (PGT), 60.4% 

(ERY) and 58.1% (TST) in sewage sludge solid phase, sewage sludge leachate and lime-

amended biosolids leachate, respectively. The recoveries of the OMPs by the MAE+SPE 
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and SPE extraction methods were comparable to that of other effective extraction methods 

previously reported in the literature on sewage sludge and wastewater (Barron et al., 2008; 

Niemi et al., 2013), showing average recoveries of 50 ~ 96% for more than 10 OMPs in 

sludge and biosolids-amended soil. The results also indicate the influence of lime 

amendment on the recoveries of the OMPs in aqueous phase was insignificant, suggesting 

lime may not influence the OMPs’ leachability through interfering with the determination 

of the OMPs in this work.  

It can be observed that the recoveries of most of the OMPs in aqueous samples were higher 

than in the solid phase samples, as presented in Table 4.4. This is consistent with the 

findings, derived from a previous study, that SMX and E1 have 53% and 95% recoveries 

with the SPE method for wastewater, and 17% and 30% recoveries with ultrasonic solvent 

extraction followed by SPE for sludge samples (Shafrir & Avisar, 2012). The higher 

recoveries observed in leachate could be related to matrix interference and insufficient 

extraction from the solid phase of sewage sludge samples, as sewage sludge are one of the 

most complex matrices, containing rich organic matter, salts, ion-paring agents, non-target 

and contaminants that can interfere the extraction processes. Additionally, the extraction of 

the selected OMPs from the solid phase of the sewage sludge sample comprised two steps, 

MAE and SPE, which may have resulted in more experimental loss than SPE alone in the 

aqueous samples. These explanations are supported by previous studies suggesting the loss 

of sludge matrix components and analytes during extraction can strongly influence the 

efficiency of sample pre-treatment stages and the determination of results (Chenxi et al., 

2008; Ding Y et al., 2011; Zuloaga et al., 2012). 

Notably low recoveries were observed for some OMPs in both the solid and aqueous phase 

samples. For example, the recoveries of ERY, GFB, DCF and TST were in the range 20.4 

~ 27.1% in the solid phase of sewage sludge samples, and the recoveries of GFB, E1, DCF, 

PMD and 4-OP ranged from 22.4% to 37.3% in the aqueous samples. The OMPs with 

notably low recoveries may provide misleading information of their occurrence and 
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concentration, and thus lead to incorrect understanding of the OMPs’ leachability in sewage 

sludge in the following chapters. Extra attention should be paid and uncertainties 

considered when the concentration and mobility of these OMPs are discussed in the 

following few chapters. 

Table 4.4. RSD, average recoveries (ARE), ME and process PE for the determination of 

concentration of 16 OMPs by LC/MS 

Compounds RSD (%)1 

ARE (%) 2 

ME 

(%)3 
PE (%)4 Solid 

phase 

Aqueous 

phase 

(sludge) 

Aqueous 

phase (lime-

amended) 

SMX 6.49 75.9 89.3 82.9 331.9 52.7 

ERY 9.39 20.4 60.4 78.9 155.5 142.7 

FLU 7.72 92.6 95.6 78.0 69.1 54.8 

CBZ 8.83 79.4 82.9 81.2 173.5 160.7 

NPX 6.53 82.5 91.5 74.5 144.1 40.4 

GFB 0.96 21.1 50.2 30.1 136.5 3.4 

TCS 2.96 89.0 90.7 65.4 68.7 1.3 

BPA 2.39 86.2 68.2 59.7 72.9 86.2 

EE2 8.38 34.6 37.5 55.1 72.9 34.6 

E1 5.00 146.1 37.2 37.3 245.0 146.1 

DCF 5.47 21.9 36.6 36.3 81.2 21.9 

PMD 3.43 64.2 36.0 34.5 122.1 64.2 

TST 6.77 27.1 63.3 58.1 131.1 27.2 

PGT 1.55 65.5 79.3 73.6 57.6 65.5 

4-tert-OP 6.41 60.0 22.4 31.0 43.4 59.9 

4-NP 1.51 88.6 56.3 53.1 126.9 88.6 

 1 is determined by running a standard 7 times to check the stability of instrument. 2 ~ 4 refer to Section 3.5.4. 
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The lower recoveries of OMPs could be explained by the matrix and overall process effects 

on the extraction and LC/MS determination processes (Matuszewski et al., 2003). The 

mechanisms of these effects on OMPs’ determination have been described in the Section 

3.5.4, and will not be repeated here. Similar findings regarding interference from matrix 

effects and process effects on the determination of OMPs’ concentrations have been 

reported in some previous studies (Cha & Cupples, 2009; Chenxi et al., 2008; Niemi et al., 

2013). As the results show in Table 4.4, the OMPs with low recoveries were under high 

process and matrix effects, in particular, the matrix effects exhibited a more pronounced 

influence than the process effects. It is suggested that matrix effects and the way samples 

are treated should be considered when discussing the recoveries achieved by the extraction 

and determination methods. Further work may be required to find more effective ways of 

measuring OMP concentration in sewage sludge, in particular the OMPs with recoveries 

below 50%, to overcome matrix and process effects, although this is extremely challenging 

work. 

4.2.3.2 Limit of Detection (LOD) and Limit of Quantification (LOQ) 

The LOD and LOQ values from the developed methods for determining the concentration 

of each OMP in the sewage sludge and sewage sludge leachate samples are presented in 

Table 4.5. For the liquid samples, the medians were 4.1 μg/L and 12.5 μg/L for LOD and 

LOQ of 4-NP, respectively. For the solid samples, the median values of LOD and LOQ 

were 12.3 and 37.4μg/kg for 4-NP, higher than for the aqueous samples. The differences in 

the values of LOD and LOQ between solid phase and aqueous phase sewage sludge samples 

could be closely correlated with the OMPs recoveries, showing that higher OMPs’ 

recoveries were observed in the aqueous samples than the solid phase of the sewage sludge 

samples, based on the LOD and LOQ calculations listed in the Section 3.5.3. The impacts 

of matrix effects and prcess effect, as described above for the recoveries, could essentially 

be responsible for the LOD and LOQ results (Barron et al., 2008). The LOD and LOQ 

determined in this work are comparable to those for extracted biosolids/sludge samples in 
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previous studies. For example, it was reported the LOD values for CBZ, ERY and TCS 

were 0.2, 0.8 and 17 µg/kg, and the corresponding values for LOQ were 0.5, 2.6 and 57 

µg/kg in sewage sludge samples extracted with ultrasonication and SPE (Chenxi et al., 

2008). In another study, CBZ, DCF, GFB, NPX, SMX and TCS had LOD values in the 

range of 2 ~ 8 µg/kg in sludge samples with pressurised liquid extraction and SPE clean-

up (Barron et al., 2008). 

Table 4.5. Limit of detection (LOD) and limit of quantification (LOQ) of the 16 OMPs in 

liquid and solid samples determined by LC/MS and HPLC 

Compounds 

Liquid phase Solid phase 

LOD (ng/L) LOQ (ng/L) LOD (ng/kg) 
LOQ 

(ng/kg) 

SMX 0.8 2.0 2.0 7.0 

ERY 1.0 3.0 2.0 6.0 

FLU 0.9 3.0 2.0 7.0 

CBZ 2.0 7.0 5.0 15 

NPX 6.1 18.4 6.1 18.4 

GFB 1.0 4.0 1.0 4.0 

TCS 1.0 4.0 1.0 4.0 

BPA 6.0 18.0 17.8 54.0 

EE2 17.4 52.6 52.1 157.8 

E1 19.8 59.9 59.3 157.8 

DCF 23.1 70.0 69.2 209.6 

PMD 10.2 30.9 30.6 92.8 

TST 31.7 96.0 95.1 288.1 

PGT 27.9 84.7 83.8 254.0 

4- OP 0.6 1.7 1.7 5.0 

4-NP 4.1 12.5 12.3 37.4 

It should be noted that the values of LOD and LOQ for PPCPs were higher than for EDCs 

in both the liquid and solid phases of sewage sludge, which may be related to the resolution, 

precision and accuracy of LC/MS and HPLC. In particular, matrix effects may pose more 

adverse effects for the identification and quantification of OMPs by HPLC. A similar 
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finding was also reported in a previous study, showing LC coupled to MS is better for 

determining the OMPs in complicated matrices, such as biosolids and sludge, as LS/MS 

demonstrates better resolution, shorter analysis time and has a sensitive mode (ESI) for 

ionising the target OMPs (Zuloaga et al., 2012). Future work applying LC/MS or 

LC/MS/MS to investigate both PPCPs and EDCs may be required to achieve more precise 

and accurate analysis on OMPs in sewage sludge.    

4.2.3.3 Concentrations of the 16 OMPs in Sewage Sludge 

Sewage sludge are an extremely heterogeneous matrix to study, before being applied in the 

experimental work, sewage sludge was thoroughly mixed by hand in a container until 

homogeneity was achieved. Five samples were taken from the sewage sludge container and 

the concentration of OMPs was measured using the developed method described in Section 

3.5, to ensure the sewage sludge sample were homogeneous before further use.  

The concentrations of the 16 OMPs in sewage sludge were determined and are shown in 

Fig. 4.4. The 16 OMPs exhibited various concentrations in sewage sludge, ranging from 

0.6 (TCS) to 2038.6 (4-NP) μg/kg. The concentrations were comparable with 

concentrations of OMPs detected in the sewage sludge in other countries worldwide, as 

shown previously in Table 2.2. Concentrations of OMPs can vary greatly in sewage sludge 

of different origin, due to variations in wastewater sources, wastewater treatment and 

sewage sludge production processes (Göbel et al., 2005; Jelic et al., 2011b). For example, 

high concentrations of OMPs in sewage sludge may be due to their wide use in human 

medication, while the lower concentrations of some compounds relate to their lower use. 

The physicochemical properties of OMPs vary and may influence partitioning to solid 

particles. As a result, various levels of OMPs are found in sewage sludge (Ternes et al., 

2004). Family income may also exert some influence on the presence of some OMPs 

through different consumption and spending patterns on medicines (Zhang et al., 2008). 

Additionally, the different levels of recovery, LOD and LOQ induced by matrix effects and 
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process effects over the measurement process may also contribute to the differences in the 

OMPs’ concentration. This explanation can further suggest that future work to develop 

more effective measurement methods is needed to obtain more accurate and precise results 

for the study of OMPs in sewage sludge. 

The homogeneity of the sewage sludge samples with respect to the measurement of the 16 

selected OMPs is confirmed by the error bars, which represent standard deviation of the 

tests conducted with 15 sewage sludge samples. It can be concluded that the method for 

achieving homogeneity of the sewage sludge samples was effective and reliable, in 

particular for the investigation of the selected OMPs. Thus, all sewage sludge used for the 

experiments in the following chapters were prepared in this way.   

 

Figure 4.4. Concentrations of the 16 OMPs in sewage sludge (based on dry mass) 

4.2.4 Concentrations of the Selected Metals  

In this section, it is only presented the concentrations of the selected metals in the solid 

phase samples (Fig. 4.5). The levels of the selected metals in leachate and the 

leachability/solubility of these metals in sewage sludge are discussed in the following 

chapters. 

The concentrations of the six metals varied significantly in sewage sludge, ranging from 
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0.4 (Cd) to 4146.9 (Ca) mg/kg. The concentrations of the five metals and Ca were in the 

range reported in previous studies, for example, higher concentrations of Cd, Cu, Ni, Pb 

and Zn, ranging from 5.56 to 2030 mg/kg, were reported in the sewage sludge collected 

from a mixture of industrial and domestic WWTP in Tai Wan (Hseu, 2006). The differences 

in the concentrations of these metals derived from current study compared to the previous 

study described above indicate wastewater sources can greatly influence the level of metals 

in sewage sludge. This can be supported by a study reporting that the occurrence and 

concentrations of metals are associated with wastewater sources, wastewater treatment 

processes and sewage sludge treatment and production processes (Karvelas et al., 2003).  

 

Figure 4.5. Concentrations of the selected metals in sewage sludge 

4.2.5 ESEM and XRD Measurement 

Based on the results of the ESEM measurements (Fig. 4.6), it can be observed that the 

sewage sludge contained a great fraction of biomass, such as microbial byproducts and 

proteins, which is consistent with the findings in previous studies (Kayser, 2012a). The 

EDS analysis further indicated that the dominant fractions of sewage sludge were organic 

matter (about 88% of organic materials based on the dry mass of sewage sludge). 

The XRD analysis of the sewage sludge may indicate they contained a large fraction of 
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amorphous components, which showed as the visible peak in the XRD spectrum (Fig. 4.7). 

Another well-defined peak in the spectrum was an inorganic component which was likely 

attributed to SiO2. Other inorganic compounds, such as CaCO3 and Fe, were not detected 

in Rotorua sewage sludge, in contrast to the mineralogy of Mangere sewage sludge. This 

could be related to the wastewater sources, as the Mangere WWTP receives industrial 

wastewater as well as municipal wastewater, while most of the wastewater treated in 

Rotorua is from residential usage. Additionally, amorphous components made up the largest 

part of the sewage sludge, which resulted in the XRD signal for the non-detection of 

inorganic components due to the much higher signal from the amorphous components and 

the resultant noise within the scan. 

 

Figure 4.6. ESEM image and EDS analysis of Rotorua sewage sludge 
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Figure 4.7. XRD spectra of a) Rotorua and b) Mangere sewage sludge (Kayser, 2012a) 

4.3 Summary  

The characteristics of Rotorua sewage sludge, including high water content, high organic 

matter, high organic matter/DOM content, low pH and low shear strength, are consistent 

with the properties of the sewage sludge derived from previous studies and described in 

Chapter 2. In particular, the concentrations of trace metals (0.42 (Cd) ~ 232.1 (Zn) mg/kg) 

and OMPs (0.6 (TCS) ~ 2308.6 (4-NP), μg/kg) make sewage sludge a potential pathway 

for discharging hazardous contaminants into the environment.  

Sewage sludge were found to be organic-rich materials with the largest part of their organic 

matter composed of DOM containing carboxylic groups, amide groups and polysaccharides, 

which are very heterogeneous. The constituents of organic matter are abundant microbial 

byproducts, protein-like organics and humic substances, with low molecular weight (0.01 

~ 1000 kDa and 10 ~ 1000 kDa in sewage sludge and lime-amended biosolids, respectively). 

The properties of sewage sludge organic matter will be further discussed in the following 

chapters. However, some further work may be needed, such as exploring the influence of 

inorganic matter, e.g. carbonate and SiO2, or the effects of applied polyelectrolyte on the 

ATR-FTIR and EEM spectra, to fully understand uncertainties with regard to the 

physiochemical properties of sewage sludge organic matter. 

The extraction and advanced instrumental methods gave satisfactory recoveries for the 

selected OMPs in both solid and leachate phases of sewage sludge, although a few OMPs 

a) b) 
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were determined with noticeably low recoveries. Higher recoveries of the selected OMPs 

were found in the aqueous phase of sewage sludge samples than in the sewage sludge solid 

phase samples. The developed methods, as presented in Section 3.5, were shown likely to 

be able to provide reliable and precise OMPs data for later use, as the recoveries, LOD and 

LOQ were acceptable for detecting and quantifying the concentrations of the selected 

OMPs. However, matrix effects and overall process effects, in particular for the solid phase 

of sewage sludge samples, are still quite significant factors affecting the precise and 

accurate measurement of OMPs, as sewage sludge are one of most complex matrices and 

several procedures are involved in the determination process for OMP concentration.  

The characteristics of sewage sludge and presence of contaminants (metals and OMPs) 

make sewage sludge a very complex and hazardous material for safe long-term disposal in 

landfill. Improper disposal of sewage sludge in landfill can have severe consequences to 

the ecosystem, and the potential release of trace metals and OMPs to the environment 

makes landfilling of sewage sludge especially dangerous. Amendment of sewage sludge is 

crucial to improving its properties, to enable the disposal of biosolids to become 

environmentally friendly. In particular, the influence of amendments on the leachability of 

OMPs should be investigated for practical application to sewage sludge, as existing 

knowledge for assessing such effects on improving hazards of sewage sludge from 

amendments is limited. 
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Chapter 5. Column Experiments to Identify Suitable 

Additives   

5.1 Introduction  

This chapter describes the investigation of the effects of lime and mussel shell on the fate 

of organic matter, OMPs and metals in Rotorua sewage sludge. Some basic parameters, e.g. 

water content, pH and shear strength, for sewage sludge and lime-amended biosolids are 

presented to provide a comprehensive understanding of their properties. 

Laboratory experiments were performed on biosolids mixed with different ratios of lime, 

mussel shell and mixtures of lime and mussel shell using PVC tubes under anaerobic 

conditions at room temperature (20 ~ 22 ºC). A comprehensive study was carried out to 

ascertain if the selected additives, i.e. lime and mussel shell, improved sewage sludge 

properties with respect to water content, pH, shear strength, transformation of organic 

matter and concentration and fate of OMPs and metals. Additives and the appropriate 

mixing ratios were determined based on the results. Parts of this chapter were published in 

a conference paper by Wang et al. (2014) . 

5.2 Experimental Design  

5.2.1 Pre-treatment of Additives 

5.2.1.1 Lime 

The lime used in this work contains almost 100% CaO and was obtained from McDonald’s 

Lime (Auckland, New Zealand). It is a similar material to that used in previous studies 

(Husillos Rodríguez et al., 2012; S. Lim et al., 2002; Samaras et al., 2008), including the 

study of Mangere sewage sludge/biosolids (Kayser, 2012a). Concentrations of the five 

selected metals and 16 OMPs were measured in the lime, and none of them were detected.  
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5.2.1.2 Mussel shell   

The mussel shell for this work was obtained in its original form from North Island Mussel 

Processors Ltd (New Zealand). To facilitate the characterisation and usage of mussel shell 

in the following experiments, it was pre-treated to achieve a suitable form for application. 

The pre-treatment of mussel shell followed a previously described process by Jones et al. 

(2011), and is not repeated here. The mussel shell powder was sieved to a range of sizes. 

The distribution of the particle sizes of the mussel shell is shown in Fig. 5.1a. Three size 

ranges were used: 600μm ~ 2mm, 106 ~ 150μm and < 75μm, referred to as coarse, medium 

and fine shell, respectively. The chemical composition (Fig. 5.1b) and some of the basic 

properties of mussel shell were determined, and are presented in Table 5.1.  

 

Figure 5.1. a) Particle size distribution, and b) XRD analysis of mussel shell 

Table 5.1. Basic properties of mussel shell used in experiments 

Relevant parameters pH VS (%) 

Metals (mg/kg, DM) 

Ca Cd Cu Ni Pb Zn 

Mussel shell 9.45 7.84 -1 n.d.2 7.57 5.41 5.90 27.39 

                 1 No data shown.   2 n.d. = Not detected. 

The XRD spectrum of mussel shell could suggest that it is composed mostly of aragonite 

a) b) 



Chapter 5 Column Experiments to Identify Suitable Additives 

105 

 

calcium carbonate (CaCO3) and small amounts of amorphous materials, i.e. organic matter. 

The results are consistent with previous work showing mussel shell comprises more than 

90% CaCO3 (M. I. Jones et al., 2011). The organic matter content is represented as the value 

VS and was 7.8%, as shown in Table 5.1. No selected OMPs were detected, or the 

concentrations of the 16 OMPs were below the values of LOD and LOQ in mussel shell. 

The concentrations of Cu and Zn in the mussel shell used were quite low, while the mussel 

shell contained similar levels of Ni and Pb as the sewage sludge, as presented in Section 

4.2.4. The addition of mussel shell may introduce extra Ni and Pb to sewage sludge leachate, 

once the environmental conditions, e.g. pH and organic matter, are changed when mussel 

shell is mixed with sewage sludge. The results regarding the level of metals in leachate 

presented in Table 5.5 may support the assumption. The influences of mussel shell on the 

properties of sewage sludge and leachate will be further discussed in the following sections.  

5.2.2 Experimental Methodology 

Two sets of laboratory experiments were carried out. The first set (set 1) was the 

preliminary investigation of the effects of mussel shells on improving the properties of 

biosolids, and screening of suitable additives and mixing ratios. The second set (set 2) was 

the detailed study of the effects of the selected additives and mixing ratios on improving 

the properties of biosolids. Both tests were performed in sealed PVC tubes with an internal 

diameter of 76 mm and length of 300 mm. 

5.2.2.1 Specimens Collection and Preparation 

Sewage sludge were collected one day prior to initiating the experiments. Sewage sludge 

were placed in a large tray and mixed by hand for 30 min to ensure the sewage sludge were 

homogenous. As described in the Section 4.2.3.3, validation of the homogeneity of sewage 

sludge samples was examined by measuring the OMPs’ concentrations, which showed 

coefficient of variation in the range 0.72 ~ 6.59%. The reason for this process is that the 

investigation of OMPs was the main focus throughout this thesis, in particular the 
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significance of matrix and process effects of sewage sludge on the determination of OMPs. 

The pre-treated additives were added to the sewage sludge and then thoroughly mixed to 

make a visibly homogenous mixture. The percentage of additives used was based on the 

dry mass of the sewage sludge. To determine the amount of sewage sludge (Msludge) and 

additives (MMussel shell and MLime) needed in the experiments, the following equations were 

used: 

𝑀𝑡𝑜𝑡𝑎𝑙 = 𝜌 × 𝑉𝑡𝑢𝑏𝑒𝑠  𝑘𝑔 = 1.1 × 𝑉𝑡𝑢𝑏𝑒𝑠 × 1000 𝑘𝑔                Eq (5-1) 

(𝑀𝑠𝑙𝑢𝑑𝑔𝑒 ×
𝑆𝐶

100
×

𝑀𝑢𝑠𝑠𝑒𝑙 𝑠ℎ𝑒𝑙𝑙 (%)

100
) + (𝑀𝑠𝑙𝑢𝑑𝑔𝑒 ×

𝑆𝐶

100
×

𝐿𝑖𝑚𝑒 (%)

100
) + 𝑀𝑠𝑙𝑢𝑑𝑔𝑒 = 𝑀𝑡𝑜𝑡𝑎𝑙      

Eq (5-2)  

𝑀𝑚𝑢𝑠𝑠𝑒𝑙 𝑠ℎ𝑒𝑙𝑙 = 𝑀𝑠𝑙𝑢𝑑𝑔𝑒 ×
𝑆𝐶

100
×

𝑀𝑢𝑠𝑠𝑒𝑙 𝑠ℎ𝑒𝑙𝑙 (%)

100
                Eq (5-3)  

𝑀𝐿𝑖𝑚𝑒 = 𝑀𝑠𝑙𝑢𝑑𝑔𝑒 ×
𝑆𝐶

100
×

𝐿𝑖𝑚𝑒 (%)

100
                 Eq (5-4)                                             

where ρ is the bulk density of sewage sludge, approximately 1.1 t/m3 based on the study by 

(Kayser, 2012a); Vtubes is the volume of the PVC tubes in the experiments; SC is the solid 

content of sewage sludge; and Mussel shell (%) and Lime (%) are the required percentages 

of mussel shell and lime to be mixed with the sewage sludge. 

5.2.2.2 Experimental Set-up  

The homogenous mixtures were gently compacted into PVC tubes by hand in five to seven 

layers with a flat circular plastic tamper. After preparation, the actual density of the 

specimens in the tubes was 1.03 t/m3, particularly for the specimens of sewage sludge due 

to low compressibility. 

The PVC tubes were then sealed using PVC caps on both ends and silicon sealer to ensure 

anaerobic conditions in the tubes. The leachate was collected from the top and bottom of 

tubes. The specimens were cured in the PVC tubes for up to 63 days. A range of different 

mixing ratios, selected additives and curing times were selected for the two sets of 

experiments, and are shown in Table 5.2. The ratios chosen in this work were based on 
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previous work on Mangere sewage sludge, and the constraint that no more than 50% 

additive should be used (Kayser, 2012a).  

Table 5.2. Mixing ratios, selected additives and curing times 

Experiments 
Set 1 

Set 2 
Series 1 Series 2 

Particle size of mussel 

shell 

600μm~2mm (coarse) 

106~150μm (medium), 

<75μm (fine) 

600μm~2mm 

(coarse) 

600μm~2mm 

(coarse) 

Mussel shell proportion 

(%) 
40 20, 30, 40 40 

Lime proportion (%) 0 10, 20 10 

Curing time (days) 0, 1 and 7 0, 7 and 14 0, 7, 21 and 42 

5.3 Experimental Results and Discussion 

5.3.1 The Effects of Different Particle Size of Mussel Shell in Set 1 

Experiment  

The particle size of the mussel shell was hypothesised as influencing the effects of mussel 

shell on biosolids properties. Prior to the additives and mixing ratios screening experiment, 

three types of mussel shell, i.e. coarse, medium and fine, were used to quickly investigate 

their impacts on the properties of biosolids in the PVC tubes. 

5.3.1.1 Undrained Shear strength 

The UU triaxial measurements of shear strength in sewage sludge and mussel shell 

amended biosolids are shown in Table 5.3. The shear strength of sewage sludge was 

increased by mixing with mussel shell. In particular, the fine mussel shell enhanced the 

shear strength by 47.8% after one day of curing. However, the enhanced shear strength was 

still much lower than the 25 kPa required for the compaction of materials in land/monofills, 
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or for land reclamation (Koenig & Bari, 2001).  

The shear strengths of the sewage sludge and medium and fine mussel shell amended 

biosolids were not able to be determined after seven days of curing because of the extreme 

difficulty of preparing samples for UU traixial tests due to the very high water content and 

unstable nature of the specimens. Only one sample of coarse mussel shell amended 

biosolids was successfully prepared. In the sample of biosolids with coarse mussel shell 

amendment, the shear strength increased slightly from day 1 to day 7. The results for shear 

strength suggest the addition of mussel shell is not a suitable way to solidify sewage sludge, 

irrespective of the particle size of mussel shell. 

The poor performance of mussel shell in enhancing the shear strength of sewage sludge 

was likely because the mussel shell may only physically reduce the water content by 

replacing some of the sewage sludge. It has been widely reported that the formation of 

CaCO3 and other minerals, through chemical reaction between alkaline additives and 

sewage sludge, seems to play a significant role of increasing the shear strength of sewage 

sludge (Kayser, 2012a; Lim et al., 2002). However, mussel shell contains more than 90% 

CaCO3, which is a very stable material, it barely reacts chemically with sewage sludge to 

produce more CaCO3. These findings were further verified by the XRD analysis of fine 

mussel shell amended biosolids, as presented in Fig. 5.2, which showed no newly formed 

CaCO3 was present when sewage sludge was mixed with mussel shell.  

Table 5.3. Shear strength of sewage sludge and shell stabilised biosolids observed after 1 

day and 7 days curing (adapted from Wang et al. (2014)) 

Shear strength (kPa)1 Sewage sludge Coarse Medium Fine 

Day-1 1.3 1.3 1.6 2.5 

Day-7 - 1.6 - - 

1The values are right at the extreme limit of resolution of a triaxial test, however the values are low and their 

accuracy cannot be guaranteed. 
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Figure 5.2. XRD analysis of a) Mussel shell, and b) Coarse mussel shell amended biosolids 

(Wang et al., 2014) 

5.3.1.2 Transformation of Organic Matter 

The content of organic matter (VS) found in sewage sludge and mussel shell amended 

biosolids is presented in Table 5.4. The VS of sewage sludge and coarse mussel shell 

amended biosolids gradually decreased over seven days. For the medium and fine mussel 

shell amended biosolids, the VS slightly reduced in the first day and then increased to a 

similar level as for the initial curing. This could be because bacteria may consume the 

protein substances in the first day and the decrease in protein material then limits microbial 

metabolism. This assumption could be supported by a previous study reporting biomass 

and biological activity were found to descend, resulting in a subsequent increase in the 

organic matter in composted sewage sludge due to the microbial decomposition of protein-

like organic materials (Wang et al., 2013). 

Table 5.4. VS of sewage sludge/biosolids (adapted from Wang et al. (2014)) 

Curing time (days) Sewage sludge Coarse Medium Fine 

0 85.2 58.4 62.3 58.3 

1 84.0 58.5 60.0 60.9 

7 78.4 58.8 56.3 61.4 

The transformation of organic matter was altered after mussel shell amendment, as further 

indicated by the FTIR spectra of sewage sludge and mussel shell amended biosolids 
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presented in Fig. 5.3. Specifically, the IR bands at 1651 and 1543 cm-1, which are assigned 

to amide I (C=C and H-bonded C=O) and amide II (N-H plane), reduced, and the IR band 

at 1456 cm-1, which is assigned to deformations of CH2 and C-OH and COO-, increased. 

These changes may be related to the occurrence of bacterial decomposition of organic 

matter over time, which is consistent with the changes observed for VS values (Table 5.4). 

The presence of the strong peak at 1058 cm-1, which corresponds to polysaccharides, in 

both sewage sludge and coarse mussel shell amended biosolids may also support the 

conclusion about bacterial activity in the degradation of organic matter in sewage sludge, 

as this band of polysaccharides has been confirmed as the main component of microbial 

products (Lembre et al., 2012). 

Additionally, the observed reduction in the absorbance intensities of amide groups and 

increase in deformations of CH2 and C-OH may be related to the introduction of CaCO3 by 

adding mussel shell to sewage sludge. The C-O stretch of carbonates was also described as 

possibly contributing to the band at 1456 cm-1 in Section 4.2.2. The significant increase in 

the intensities of bands at 1456 cm-1 may result in the suppression of the signals 

corresponding to amide groups. It has been similarly found that the relative increase of 

inorganic carbonate compounds can cause the intensities of the bands at 1425/1430 cm-1 to 

increase (Smidt et al., 2002). The proposed influences of the inorganic carbonate on the 

organic bands in the FTIR spectra could further suggest that elimination of the impacts of 

CaCO3 on the FTIR spectra of organic matter should be considered in future studies. 

However, the influence of mussel shell on the content and functional groups of sewage 

sludge organic matter were insignificant, which suggests that the addition of mussel shell 

may not be an appropriate way to modify the properties of sewage sludge organic matter.  
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Figure 5.3. ATR-FTIR spectra of a) sewage sludge, and b) coarse mussel shell amended 

biosolids 

5.3.1.3 Properties of Collected Leachate 

The characteristics of leachate collected from the sewage sludge and mussel shell amended 

biosolids are listed in Table 5.5. The sewage sludge produced the largest amount of leachate 

after seven days of curing. The amount of leachate collected from the mussel shell amended 

biosolids increased with decreasing mussel shell particle size. The addition of mussel shell 

replaced the same amount of sewage sludge in the mussel shell amended biosolids, 

resulting in a reduction in water content. The mussel shell absorbed water from the sewage 

sludge when mixed, causing less water to be leached out. The presence of CaCO3 could be 

another reason for the reduction in leachate production, since the CaCO3 can be considered 

as a clog material preventing the collection of leachate (Fleming et al., 1999; Rowe, 1995). 

The differences in the quantity of leachate produced from mussel shell amended biosolids 

may be attributed to the dissolution of CaCO3 at lower pH compared to mussel shell (pH 

9.5), which is likely to increase the internal porosity (Bellier et al., 2006). The consumption 

of CaCO3 can be further verified by the reduction in the signal of CaCO3 present in the 

XRD spectra of mussel shell amended biosolids, as shown in Fig. 5.2. In this work, the 

dissolution of CaCO3 may have a preferable condition in the biosolids amended with fine 

mussel shell, as the fine mussel shell has a larger surface than other grades of mussel shell. 

a) b) 
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As a result, more leachate and higher amounts of organic components were observed in the 

fine mussel shell amended biosolids than the coarse and medium mussel shell amended 

biosolids.   

The pH of biosolids leachate increased with the addition of mussel shell, and the effect 

varied insignificantly between the different particle sizes of mussel shell. The increase in 

leachate pH could be attributed to the presence of CaCO3, since the CaCO3 in mussel shell 

may consume H+ in biosolids (Rowe, 1995). In addition, the decomposition of protein 

substances released ammonia after seven days (see peaks at 1543 and 1651 cm-1 in Fig 5.3a, 

possibly also contributing to the increase in pH as the addition of mussel shell was unlikely 

to prevent the bio-transformation of organic matter. 

Table 5.5. Volume and characteristics of leachate after 7 days of curing 

 
Volume 

(mL) 
pH 

DOC 

(g C/L) 

Metals (mg/L) 

Cdb Cu Ni Pb Zn 

Sewage sludge 100 6.2 2.0 - 0.07 - 0.9 8.2 

Coarse shell 4a 8.0 4.5 - - - - - 

Medium shell 14a 8.8 5.3 - - - - - 

Fine shell 79 8.4 6.5 - 0. 3 0.06 0.9 9.6 

a The volume of leachate is not enough to determine the concentrations of metals according to the method 

described in section 3.6. 

b No Cd was detected in sewage sludge and fine mussel shell amended biosolids leachate. 

In the case of DOC, the addition of mussel shell increased its concentrations. A positive 

correlation could be observed between the leachate production and DOC in the leachate 

amended with mussel shell, showing fine mussel shell better facilitated the dissolution of 

organic matter in the biosolids. It can be observed from the FTIR spectra that most of the 

organic materials contained in the sewage sludge after seven days of curing were C=C and 

H-bonded C=O and polysaccharides, while the organic components in the mussel shell 

amended biosolids were largely C-OH deformations and polysaccharides. Both C-OH 
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deformations and polysaccharides are more abundant in hydrophilic fractions than in 

hydrophobic fractions (Mao et al., 2003), which could have resulted in the increased DOC 

in the mussel shell amended biosolids. In addition, the leachate pH was increased with the 

addition of mussel shell, which could promote the dissociation of carboxylic group of 

organic matter. The organic components containing negatively-charged carboxylic groups 

could be repulsed from negatively-charged biosolids surface, which may also be 

responsible for more organic matter being dissolved in leachate. Similar findings have been 

reported in previous studies, indicating that the content of DOM increased with increasing 

pH due to the deprotonation of carboxylic and phenolic groups contained in DOM (Kayser 

et al., 2015; Wang et al., 2013).   

For the metals in the leachate, the addition of fine mussel shell increased their concentration. 

This may be related to the increases in DOC levels, as DOM has been reported to interact 

with metals to form soluble complexes and the interaction facilitates the mobility of metals 

(way iii), as described in Section 2.4.2. The metals contained in mussel shell, in particular 

comparable levels of Ni and Pb to those contained in sewage sludge, may have been 

introduced to the leachate, as the pH of mussel shell was neutralised by mixing with sewage 

sludge. As a result, metals could exit in cation forms at lower pH and dissolve in leachate, 

possibly another reason for the increase in the metals’ concentration after mussel shell 

amendment. These results are inconsistent with findings from previous studies that the 

existence of CaCO3 can immobilise metals in soil/biosolid-amended soil through 

adsorption and precipitation at ambient pH (Bolan et al., 2003; Bolan & Duraisamy, 2003). 

The inconsistency with previous findings may be related to the differences in the properties 

of soil and sewage sludge, or in the environmental conditions. Further work regarding these 

investigations will be discussed in the following chapters.   

5.3.1.4 Summary of Results for Set 1 Experiments 

The addition of mussel shell enhanced the shear strength of sewage sludge by up to 48%. 

However, the shear strength was still low at 2.5 kPa due to the extremely low shear strength 
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of sewage sludge and inactive characteristics of mussel shell. Mussel shell amendment 

altered the content and functional groups of sewage sludge organic matter, but was not able 

to stabilise the transformation of organic matter over the curing period. In particular, the 

concentrations of DOM and metals and pH increased in leachate after mussel shell 

amendment, although the production of leachate reduced after seven days of curing. It 

seems that mussel shell alone is not appropriate to amend sewage sludge in terms of 

modifications in shear strength, characteristics of organic matter and mobility of trace 

metals in sewage sludge. For this reason, lime was used in combination with mussel shell 

to mix with sewage sludge, and the relevant results are presented and discussed in the 

following sections. Coarse mussel shell was chosen due to its large distribution of particle 

size (Fig. 5.1a) and relatively better performance in improving sewage sludge properties, 

as shown above. 

5.3.2 The Screening of Additives and Mixing Ratios  

This series of experiments was carried out to screen the types of additives and establish the 

ratios of additives to mix with sewage sludge for further detailed study. Measurements were 

undertaken to determine the water content, pH and VS, as water content is closely related 

to shear strength and the production of leachate. The pH is one of the key factors 

determining the physiochemical properties of organic matter/DOM in sewage sludge and 

the fate of metals and OMPs. The measured results are presented in Fig. 5.4. To ensure the 

effects on the water content and VS were due to the physical and chemical reaction between 

sewage sludge and additives rather than merely the physical replacement of sewage sludge 

by additives, the measured water content and VS were normalised by the mixing ratio of 

additives, as also shown in Fig. 5.4. As pH is a qualitative parameter indicating the 

properties of sewage sludge/biosolids, it did not need to be normalised.  
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Figure 5.4. a) Water content, b) pH, and c) VS of sewage sludge and biosolids over 14 days 

of curing 

The water content and VS were significantly reduced by mixing sewage sludge with 

additives at different ratios, and the significant decreases in water content and VS lasted for 

14 days. The significant reduction was observed for both the measured results and 

normalised results of water content and VS. However, slightly lower values were found for 

the measured values of water content and VS compared to the normalised values in the 

amended biosolids over 14 days of curing. This suggests that the effects of additives are 

likely related to both physical replacement and chemical reaction between sewage sludge 

and additives. The decrease in water content and VS could be related to the contribution of 

the pozzolanic reaction between lime and sewage sludge, and also the absorption effects of 

mussel shell in sewage sludge, as mussel shell only contains 7.8% of organic matter. It was 

similarly found in the Mangere study that water content and VS reduced with the addition 

of lime and other industrial by-product waste, due the chemically active reaction between 

sewage sludge and additives (Kayser, 2012a; Kayser et al., 2015). 

The addition of mussel shell combined with lime significantly increased the biosolids pH 
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at all experimental mixing ratios, while the influence of mussel shell alone showed only 

marginal influence on pH over 14 days. The increase in pH could be associated with two 

factors. The first is the large quantity of hydroxyl ions (OH-) produced when lime reacts 

chemically with water in sewage sludge (Bolan et al., 2003; Lee et al., 2002). Secondly, the 

CaCO3 contained in mussel shell and newly-formed in pozzolanic reactions is known to 

neutralise the acidity of sewage sludge (Sharma & Pandey, 1999).  

The effects on water content, VS and pH were much more pronounced when sewage sludge 

were amended with a combination of lime and mussel shell compared to amendment by 

mussel shell alone. Furthermore, no significant difference was observed in the effects on 

those factors for the addition of 10% lime and 40% mussel shell versus 20% lime and 40% 

mussel shell. The combination of 10% lime and 40% mussel shell was therefore chosen for 

further investigation on economic grounds. 

5.3.3 The Long-term Effects of Mussel Shell and Lime in Set 2 

Experiments 

Set 2 experiments were performed based on the findings from the preliminary investigation 

in set 1, as described in Section 5.3.1 and 5.3.2. In set 2 experiments, the effects of the 

chosen additives on improving the properties of sewage sludge were studied for a curing 

time of 42 days. A comparison was made between the influence of lime alone (10%) and 

the lime-mussel shell combination on the properties of sewage sludge. 

5.3.3.1 Undrained Shear Strength 

The unconsolidated undrained (UU) triaxial shear strength of sewage sludge/biosolids over 

42 days is presented in Fig. 5.5. It can be observed that the shear strength was enhanced 

after both lime, and lime-mussel shell amendment, and for the most part improved over 42 

days (with the exception of lime-40% medium mussel shell). Comparing the effects of the 

different additives, the combination of lime and mussel shell increased the shear strength 

to a greater extent than lime alone. The enhancement of shear strength varied little with 
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different particle size in the mussel shell and lime amendment.  

 

Figure 5.5. UU triaxial shear strength 

                                      

Figure 5.6. XRD analysis of a) 10% lime amended biosolids, and b) 10% lime and 40% 

coarse mussel shell amended biosolids on day 0 and day 42 

The increase found in shear strength after amendment could be related to the formation of 

CaCO3 from the pozzolanic reaction between lime and sewage sludge. This assumption is 

supported by previous studies showing alkaline additives, e.g. lime, cement and fly ash, 

greatly enhance shear strength by forming CaCO3 shortly after mixing with sewage sludge 

(Kayser et al., 2011; Lim et al., 2002). In this work, the newly-formed peaks and well-

defined peaks, which are both assigned to CaCO3, could provide direct evidence for the 

formation of CaCO3 in lime-amended biosolids after 42 days of curing. 

The formation of CaCO3 was also observed in the lime-mussel shell amended biosolids, as 

shown in Fig. 5.6b. This is substantiated by the XRD spectrum of the lime and mussel shell 

amended biosolids. In particular, the intensity of CaCO3 increased from day 0 to day 42, 
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while this increase was not found in the XRD spectrum of the lime-amended biosolids. This 

finding was similarly reported in a previous study, indicating that the presence of CaCO3 

may improve the pozzolanic reaction between lime and soil (Sharma & Pandey, 1999). 

Accordingly, the better performance of lime and mussel shell in enhancing the shear 

strength, compared to lime amendment alone is likely related to the improvement in the 

pozzolanic reaction due to the mussel shell. However, the increase in the shear strength 

seems to be largely attributable to lime addition, suggesting lime may be a more applicable 

amendment than mussel shell for the purpose of increasing the strength of sewage sludge.  

5.3.3.2 Transformation of Organic Matter 

The FTIR spectra of the sewage sludge displayed similar absorbance band peaks (Fig. 5.7a), 

including protonated carboxyl groups at 1732 cm-1, amide groups at 1649 and 1541 cm-1, 

carboxylic groups at 1402 cm-1, and polysaccharides/phosphodiester at 1060 ~ 1160 cm-1. 

The peaks in the FTIR spectra observed in this work are consistent with the findings 

previously reported for sewage sludge, sludge and solid waste (Amir et al., 2010a; Katsioti 

et al., 2008; Mao et al., 2003). In particular, the wavenumber and shape of the bands 

corresponding to the protonated carboxyl groups, the carboxylic groups and amide groups 

slightly changed over 42 days. However, the intensities of the polysaccharide bands showed 

an increasing trend from day 0 to day 21, and then a reduction in the absorbance intensities 

was observed thereafter. The changes in the polysaccharide bands could be related to the 

occurrence of microbial activity, since polysaccharides are considered the major structural 

components of bacterial extracellular polymeric substances (Lembre et al., 2012), as well 

as an important fraction of microbial biomass (Nakamura et al., 1996), which are pivotal 

for microbial decomposition of organic matter. It has been similarly reported that the 

exponential growth of bacterial extracellular polymeric substances can be indicated by the 

greatest intensities of polysaccharides bands (Omoike & Chorover, 2004). The proposed 

explanation regarding the microbial degradation of organic matter is further supported by 

the reduction in the values of VS over 42 days, as presented in Table 5.6. However, the 
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changes in the functional groups and content of sewage sludge organic matter were 

insignificant, which could indicate biodegradation of organic matter may not be dominant 

in sewage sludge under anaerobic conditions over 42 days of curing. Similar findings were 

reported in previous studies where slow and partial degradation of organic components 

were found during anaerobic sewage sludge treatment, which displayed as remaining amide 

bands in the spectrum (Ena Smidt & Parravicini, 2009; Smidt & Schwanninger, 2005). The 

transformation of organic matter over time was further investigated with fluorescence 

techniques, and the results will be presented and discussed in Chapter 6 and 7.  

After lime amendment (Fig. 5.7b), the peaks at 1734 cm-1 disappeared over 42 days of 

curing, likely due to the deprotonation of –COOH groups under elevated pH (Wang et al., 

2012). The absorbance intensities of amide groups (1649 and 1541 cm-1) reduced, which 

may be related to the destruction of amide groups at high pH since the amide groups contain 

information on structural properties of proteins, with the amide I band being most sensitive 

to conformational effects with changing pH (Omoike & Chorover, 2004; Wang et al., 2012). 

The changes in the shapes of the amide groups could further indicate conformational 

alterations in biosolids organic matter after lime addition. Previous work reported similar 

finding that the amide groups, which can be used to interpret information on the secondary 

structure of proteins, changed from helical conformation at a lower pH to an unordered 

random coil at a higher pH (Buijs et al., 1996; Wang et al., 2011). The band centred at 1402 

cm-1 shifted to 1423 cm-1, which may be related to the contribution of inorganic substance 

– CaCO3, since inorganic C-O stretch of carbonate can also be assigned to this band, in 

addition to organic molecules such as COO- stretch of carboxylates and the O-H in-plane 

bending vibration of carboxylic acids (Smidt & Schwanninger, 2005). The formation of 

CaCO3 in the pozzolanic reaction between lime and sewage sludge, as described in the 

Section 5.3.3.1, may support this assumption given the differences in the properties of 

sewage sludge and lime-amended biosolids.  

In terms of the time function and the organic matter in biosolids with the addition of lime, 
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insignificant changes were observed for the bands shown in the FTIR spectra from day 0 

to day 42. This is likely related to the inhibition of microbial activity, as the biosolids pH 

was increased to 12 by adding lime (Table 5.6). A wide range of previous studies has 

reported that lime addition can significantly prevent the activities of microorganism due 

significant increases in pH, as described in Section 2.3.2. It was similarly reported in a 

previous study that decomposition of organic matter was slowed in sewage sludge with the 

addition of Ca(OH)2 due to prevention on microbial activities at high pH (Smidt & 

Schwanninger, 2005). In addition, slight changes in the values for VS were observed over 

time, which could further indicate very inactive bacterial decomposition of biosolids 

organic matter after lime addition. These results could indicate that lime addition may 

stabilise the transformation of biosolids organic matter by preventing microbial activity 

over time. However, the organic molecules and conformational structure of organic 

components were greatly altered after lime addition. Further investigation should be carried 

out to understand the significance of the modifications in organic matter properties on the 

fate of OMPs and trace metals in lime-amended biosolids, given the close correlation 

between the fate of these contaminants and organic matter.  

The combined effects of lime and mussel shell on the biosolids organic matter observed in 

the FTIR bands were similar to those for the lime-amended biosolids. This finding could 

imply that the addition of lime likely accounts for the changes in the functional groups of 

biosolids organic matter. A small difference needs to be noted in that the bands at 1423 cm-

1 became stronger and better defined in the FTIR spectrum of lime-mussel shell amended 

biosolids compared to lime-amended biosolids. This observation may be related to the 

contribution of inorganic carbonate due to the addition of mussel shell, perhaps further 

evidence that CaCO3 also contributes to the IR bands at 1423 cm-1 in addition to the organic 

functional groups.  

In summary, the contribution of inorganic carbonate to the bands at 1420 ~ 1430 and 1455 

cm-1 is likely to be quite significant based on the FTIR spectra presented in Fig. 5.3 and 5.7. 
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Further consideration could be given to the effects seen in the FTIR spectra of biosolids 

organic matter when carbonate or formation of carbonate is involved in the studied matrix. 

In this work, lime seemed to be the main cause of changes in the organic functional groups, 

stabilising the transformation of organic matter by inhibiting microbial degradation in 

sewage sludge. The use of mussel shell may not be a good solution for improving the 

properties of sewage sludge, considering the insignificant influences on shear strength, 

water content, pH, and content and functional groups of organic matter in biosolids 

described above. The influence of lime and mixture of lime and mussel shell on the fate of 

OMPs and metals will be discussed in the following sections, to comprehensively evaluate 

the environmental and geotechnical effects of these amendments on sewage sludge. 



Chapter 5 Column Experiments to Identify Suitable Additives 

122 

 

 

Figure 5.7. Absorbance ATR-FTIR spectra of a) sewage sludge, b) 10% lime amended biosolids, and c) 10% lime and 40% coarse mussel shell 

amended biosolids over 42 days 

Table 5.6. pH and VS of sewage sludge/biosolids over 42 days 

Types 
pH VS (%) 

Day-0 Day-21 Day-42 Day-0 Day-21 Day-42 

Sewage sludge 4.9 4.9 5.1 87.6 86.1 85.2 

10% lime amended biosolids 10.7 9.7 9.3 82.1 81.7 81.5 

10% lime and 40% coarse mussel 

shell amended biosolids 
11.7 11.2 10.5 64.3 61.8 68.0 

a) 
b) c) 
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5.3.3.3 Fate of OMPs in Sew Sludge/Biosolids Solid Phase 

In this experiment, the concentrations of the selected OMPs were only determined in the 

solid phase of the sewage sludge/biosolids because no leachate was produced. In other 

words, the concentrations of the OMPs presented in this section only refer to the fate of the 

OMPs occurring in the solid phase of sewage sludge/biosolids over 42 days. Although the 

leachability of the selected OMPs was not able to be established, potentially useful 

information, e.g. availability, was indicated based on the changes in concentrations of the 

OMPs between day 0 and day 42. As OMPs are a group of organic contaminants, 

microorganisms could be either completely decomposing the available fractions of the 

OMPs to CO2 and H2O, or incomplete decomposing the OMPs to metabolites (Ayanda, 

2015; Nieto et al., 2010).The concentrations of the 16 selected OMPs detected in the 

sewage sludge and amended biosolids on day 0 and day 42 are listed in Tables 5.7 ~ 5.9. In 

the case of lime-mussel shell amended biosolids, only the results derived from the biosolids 

with lime and coarse mussel shell amendment are presented, as variations in the 

concentrations of the selected OMPs were insignificant for different mussel shell particle 

sizes ranges. 

The concentrations of the selected OMPs detected in this part of work (day 0) differ from 

those presented in Fig. 4.4, with the exception of E1, GFB, NPX, SMX and TCS. The 

differences may be related to the fact that the sewage sludge used in these two chapters 

were collected in different periods (Table I.1 in Appendix I), as usage of these PPCPs and 

EDCs may have varied greatly between the different periods of sewage sludge collection. 

Further, some wastewater treatment processes may have changed, which is also likely to 

have resulted in the differences in the OMPs levels determined in the various sewage sludge. 

These explanations could be supported by previous findings indicating that the presence of 

OMPs in sludge is likely to be dictated by wastewater properties, sludge types, sampling 

regions and OMPs’ properties (Carballa et al., 2008; Ternes et al., 2004). Future work on 

the determination of OMPs levels in different sewage sludge and sampling regions, as well 
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as investigation of detailed information on wastewater and sludge production processes, 

may be needed to validate the reliability of the results reported here. 

The concentrations of the selected OMPs decreased from day 0 and day 42 with the 

exception of 4-OP, DCF and PGT. The decrease varied among these OMPs in sewage 

sludge/biosolids. For example, the reduction in the concentration of GFB and TST was up 

to 99%, while it was in the range of 14 ~ 71% for BPA and 25 ~ 50% for TCS between day 

0 and day 42 in sewage sludge and amendment biosolids. In particular, the addition of 

additives hindered the reduction in concentrations of most of the selected OMPs from day 

0 to day 42 compared to the sewage sludge. The effects of lime and mixtures of lime and 

mussel shell on the concentrations of these OMPs between day 0 and day 42 were 

insignificantly different. The results are consistent with several previous studies showing 

different levels of dissipation for the studied OMPs, e.g. 4-NP, DCF and BPA over curing 

periods of 84 ~ 250 days in soil or biosolids-applied soil (Kate Alison Langdon et al., 2011; 

Lin & Gan, 2011). Another study also reported that the levels of PPCPs were highly reduced 

in wetland sediment over 112 days of incubation (Conkle et al., 2012). No data for the 

dissipation of the OMPs in biosolids with the addition of lime or mixtures of lime and 

mussel shell are available in previous literatures. The results from this work regarding the 

fate of the 16 selected OMPs in amended biosolids may provide inspiration for further 

studies.  

The decrease in the concentrations of the OMPs, between day 0 and day 42, could have 

been associated with complete microbial decomposition of these OMPs in the sewage 

sludge. Many previous studies have concluded that degradation of OMPs is the process 

expected to play a key role in the fate of OMPs in soil or/and biosolids-applied 

soil/sediment (Casey et al., 2004; Conkle et al., 2008; Lin & Gan, 2011). The findings 

derived from the FTIR spectra and the VS values over 42 days could indicate microbial 

activity, as shown in Fig. 5.7a and Table 5.6. However, many of the selected OMPs, e.g. 

BPA, GFB and CBZ, have been found persistent in soil or/and soil with the application of 
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biosolid (Fang et al., 2012; Lin & Gan, 2011). Further, microbial decomposition of organic 

matter was found to be not significant in sewage sludge under such an anaerobic condition 

over 42 days, as described in Section 5.3.3.2. It can be suggested that other factors, e.g. a 

fraction of OMPs being turned into recalcitrant/non-extractable forms by strongly binding 

with organic matter, may also result in the reduction in the concentration of the OMPs 

between day 0 and day 42 (Dodgen et al., 2014; Fan et al., 2007; Hesselsøe et al., 2001; 

Kate Alison Langdon et al., 2011). Other examples from previous studies support this 

assumption, showing that pesticides or ‘metabolites’ which contain ‘free’ reactive chemical 

groups, e.g. aniline and phenol, have a tendency to produce a large proportion of non-

extractable residues (Helling, 1976; Talebi & Walker, 1993).  

It should be noted that the increases in concentrations of DCF, 4-OP and PMD after 42 days 

of curing in sewage sludge could have been generated microbially, either by other organic 

compounds (Yang et al., 2012), or incomplete microbial transformation products, which 

have been identified as possible parent compounds by LC/MS or HPLC (Janicki et al., 

2016). This explanation could be supported by previous studies showing that PGT in aged 

soil was present at levels much higher than for TST, as PGT can be accounted for by 

microbial excretion or conversion from TST (Jenkins et al., 2003; Yang et al., 2012). 

Similarly, 4-OP and 4-NP have also been found to be derived from microbial activities of 

nonyl- and octylphenol polyethoxylates in the environment (Ying et al., 2002).  

After amendment, microbial activity was likely to be prevented, as presented in Fig. 5.7b. 

The effects on the fate of the OMPs could have been attributed to changes in the 

physicochemical properties of the OMPs, e.g. hydrophobicity and speciation. In amended 

biosolids, the elevated pH reduced the hydrophobicity and increased the negatively-charged 

species of the ionised and variously ionised OMPs. Alternatively, the elevated pH reduced 

the electrostatic interaction of biosolids and organic bases (ERY and FLU), as stated in 

Section 2.4.2, which could have led to desorption of these OMPs from the surface of the 

biosolids. These desorbed OMPs may accumulate and be easily extracted from the biosolids 
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as microbial activity has been inhibited. This process is likely to have resulted in the higher 

concentrations seen for the most of the selected OMPs in the amended biosolids compared 

to the sewage sludge on day 42. Additionally, amendment may reduce the capability of the 

OMPs for turning into non-extractable forms. This assumption is supported by a previous 

study showing the presence of recalcitrant fractions of OMPs is due to the non-reversible 

sorption between the OMPs and biosolids, which is likely closely related to the 

hydrophobic nature of the studied OMPs (Ying & Kookana, 2007). With the addition of 

lime, the reduction in the hydrophobicity of the ionised and variously ionised OMPs may 

hinder the formation of non-extractable forms of OMPs at higher pH, which could be 

another possibility for the higher concentrations of these OMPs detected in lime-amended 

biosolids than sewage sludge after 42 days. 

Furthermore, the changes in the functional groups of organic matter could have also been 

associated with alterations in the concentrations of OMPs after amendment, as sorption of 

OMPs has been found to be governed by partitioning to the sludge organic phase (Hyland 

et al., 2012). The functional groups in the organic matter shifted from asymmetric amide 

groups and polysaccharides to symmetric carboxylic acids (although the amide groups 

peaks were well-defined) after amendment (see peaks 1649, 1541 and 1423 and 1060 cm-1 

in Fig. 5.7). This could have caused the reduction in the association between the organic 

matter and the OMPs, as symmetric carboxylic groups have been found to largely account 

for the binding ability of organic matter with OMPs compared to asymmetric organic 

molecular groups, which is likely related to their hydrophobicity (Hay & Myneni, 2007). 

Reduction in the capability for donating H-bonds, due to the progressive deprotonation of 

carboxylic and phenolic groups at elevated pH, may also have led to increases in the 

availability of the OMPs. This occurs because in addition to the hydrophobic interaction, 

H-bonding is also an important interaction for the association of OMPs and organic matter, 

as described in the Section 2.4.2. It has been similarly reported that desorption of E1 from 

activated sludge occurs when pH increases from 4 to12, which is likely related to the 
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reduction in hydrogen bonding and hydrophobic interaction (Shen et al., 2012).  

The sewage sludge/biosolids matrix is extremely complex and measurement of the OMPs 

levels may involve many components, as described in Sections 3.5.4 and 4.2.3. Matrix 

effects and process effects, which may interfere with recoveries, LOD and LOQ during the 

measurement process for OMPs, could also have contributed to decreases in the 

concentrations of the OMPs between day 0 and day 42. For example, it was found that the 

recoveries of ERY, GFB, DCF and TST were in range of 20.4 ~ 27.1%, which could relate 

to strong interference from matrix effects and overall process effect. As a result, the 

determination of these OMPs may have been impacted, which likely contributes the 

significant decreases in their concentrations after 42 days. Additionally, matrix effect and 

process effects could also be also responsible for the varied concentrations of the selected 

OMPs detected in the sewage sludge collected on different days, as shown in Fig. 4.4 and 

Tables 5.7 ~ 5.9 (day 0). For example, the matrix effect and process effect for 4-NP were 

126.9% and 88.6%, which have led to values of recovery, LOD and LOQ of 88.6%, 4.1 

ng/kg and 12.3 ng/kg, respectively. It seems matrix and process effects may be important 

factors in the significant differences in the concentrations of 4-NP in different sewage 

sludge/biosolids in this thesis. Future work may be needed to establish and minimise the 

impacts of these interferences on the determination of OMPs in sewage sludge/biosolids.   

The results from this part of the work indicate the application of amendments, in particular 

lime, may alter the fate of the selected OMPs with various physicochemical properties. But 

understanding regarding the leaching potential or availability of OMPs to food chain was 

not achieved. Further, the findings may not be reproducible or representative, as no 

previous results could be used to provide a comparison, and concentrations were only 

measured at the beginning and the end of curing period. The incubation was also quite short 

and no leachate was produced. Further work was carried out over a longer term to fully 

understand the influence of amendments on the fate of OMPs. The results are presented 

and discussed in the following chapters.  
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Table 5.7. The concentrations of the ionised OMPs in biosolids on day 0 and 42 (µg/kg) 

Biosolids type 
Day-0 Day-42 

DCF ERY FLU GFB NPX SMX DCF ERY FLU GFB NPX SMX 

Sewage sludge 

0.5 8.3 0.9 63.0 16.7 8.7 

19.6 0.2 0.1 0.2 - 1.1 

10% lime amended 8.5 0.1 0.1 - 8.4 1.1 

10% lime+40% mussel shell amended 10.1 0.2 0.04 0.2 6.8 0.9 

Table 5.8. The concentrations of the variously ionised OMPs in biosolids on day 0 and 42 (µg/kg) 

Biosolids type 
Day-0 Day-42 

4-NP 4-OP BPA E1 EE2 PMD TCS 4-NP 4-OP BPA E1 EE1 PMD TCS 

Sewage sludge 

8.1 12.3 0.7 5.3 1.2 0.6 0.4 

3.4 34.2 0.2 0.2 0.1 1.5 0.3 

10% lime amended 4.8 31.6 0.6 2.9 0.2 1.5 0.2 

10% lime+40% mussel shell amended 5.0 28.1 0.6 3.8 0.2 2.4 0.3 

Table 5.9. The concentrations of the non-ionised OMPs in biosolids on day 0 and 42 (µg/kg) 

Biosolids type 
Day-0 Day-42 

CBZ PGT TST CBZ PGT TST 

Sewage sludge 

3.8 8.7 36.2 

0.2 1.6 0.2 

10% lime amended 0.1 9.1 1.4 

10% lime+40% mussel shell amended 0.2 25.3 0.7 
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5.3.3.4 Transformation of Trace metals 

In this set of experiments, no leachate was collected from the PVC tubes with sewage 

sludge and amended biosolids. Although the metal levels determined from the solid phase 

are useful as an index for contamination, they do provide enough information about the 

availability or leachability of metals in biosolids. This is because metals differ from OMPs, 

in that mobile fractions are not able to be degraded by bacterial activity. To investigate the 

potential leachability of the metals in sewage sludge/biosolids, the exchangeable forms of 

metals were determined by following the method described in Section 3.6 and presented in 

Fig. 5.8. The exchangeable metals were considered as the fractions with relatively higher 

leachability and availability for plants(Chaudhuri et al., 2003; Hseu, 2006).  

 

Figure 5.8. The fractions* of exchangeable forms of a) Cu, b) Ni, c) Pb and d) Zn over 42 

days in sewage sludge and biosolids (*is the ratio of the concentration of exchangeable 

forms of metals to the total concentration of metals) 

From Fig. 5.8 it can be noted there was substantial change in the first 7 days, and less 

pronounced changes were observed thereafter for all 4 metals in sewage sludge. 

a) b) 

c) 
d) 
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Specifically, there was an increase in the concentrations of Ni and Pb, while a decrease was 

observed in the concentrations of Cu and Zn in the first 7 days of curing. In the period from 

day 7 to day 42, the concentration of Cu was reasonably constant. In the case of Ni, the 

concentration first decreased followed by a period of increase, while Pb and Zn showed a 

monotonic decrease in their concentration levels. In particular, Pb was found to present the 

highest leaching potential, followed by Ni, which was a little higher than Zn. Cu had the 

lowest leaching potential in sewage sludge. It could be suggested that Ni and Pb may have 

higher potential to transport to the environment and cause effects to the ecosystem when 

biosolids are disposed of in the environment. Similarly, the exchangeable fractions of Ni 

and Pb have been reported to be higher than that of Zn at pH 5.2 in untreated sludge-

amended soil in a previous study (Chaudhuri et al., 2003). In another study on the long-

term mobility and plant availability of metals in compost, the exchangeable fractions of Ni 

were found to be much higher than that of Cu and Zn over 10 years at pH 7.6 ~ 8.2 in the 

soil covering landfill (Businelli et al., 2009). In the current study, the leaching potentials of 

Cu and Zn showed a generally decreasing trend over 42 days of curing, while Ni and Pb 

fluctuated, especially in the first 21 days.  

It was found the amendments reduced the mobility of Cu and Zn, and enhanced the mobility 

for Ni and Pb, particularly during the first 21 days of curing (Fig. 5.8). The influence of 

lime and mussel shell on the exchangeable forms of the metals was more pronounced than 

that of lime amendment alone over 42 days. It was similarly found previously that dissolved 

Pb increased following increase in pH from 3.7 to 6.7 in polluted, organic-rich soil after 

adding Ca(OH)2 (Klitzke & Lang, 2009). The leaching of Ni has also previously been 

reported to show a strong increase between pH 4 and 8 over time in municipal solid waste 

(Dijkstra et al., 2006). Moreover, the results are also consistent with an earlier finding 

showing the leaching abilities of Cu and Zn from industrial waste greatly reduced when pH 

was increased from 9.4 to 13.5 with the addition of Portland cement or pulverised fly ash. 

This is because these metals can exist as metal hydrated phases or metal hydroxides 
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precipitating on the surface of calcium silicate hydrates contained in the waste materials 

under such alkaline conditions (Li et al., 2001). Another study also reported that the 

exchangeable forms of Cu and Zn reduced by 18.5 and 20.0%, respectively, when the pH 

values of sewage sludge-amended soil increased from 5.2 to 7.0 by adding 2.7% (wet 

weight) of lime (Chaudhuri et al., 2003).  

However, the results, derived from this work are not always consistent with previous studies 

under similar situations, in particular for Ni and Pb. Previously, the fractions of 

exchangeable Ni and Pb were found to be reduce by 11.1 and 28.6% respectively, as the 

majority of Ni and Pb shifted to residual and carbonate forms with pH increasing from 5.2 

to 7.0 after adding 2.7% of lime (wet mass) to sludge-amended soil (Chaudhuri et al., 2003). 

Another study found leaching of Ni reduced at pH increasing from 8 to 12, due to 

precipitation in municipal solid waste (Dijkstra et al., 2006). The results suggest that the 

amendment agents affected the leaching potentials of Ni and Pb differently in biosolids and 

soil, even under similar pH conditions. The inconsistent effects of amendments on the 

leaching potential of Ni and Pb may be related to the different physicochemical properties 

of biosolids and soil, e.g. organic matter and Ca levels, which will be further investigated 

and discussed in Chapter 8.  

The reduction in concentrations of the exchangeable forms of Cu and Zn in amended 

biosolids could be closely correlated with increasing pH (Table 5.6). Since Cu and Zn 

would start to precipitate with pH increasing from acidic to neutral/alkaline, as described 

Section 2.5.1. Specifically, their forms shift from dissolved cations at pH below 6, to largely 

carbonated and hydrated/cations forms at pH 9 ~ 12, based on the pH-dependence of metal 

specification shown in Table 2.5. These phases of metals are reported not to readily dissolve 

in leachate and leach out compared to exchangeable forms of metals (Chaudhuri et al., 2003; 

Dijkstra et al., 2004). This explanation is also supported by a previous study, suggesting Cu 

was present as Cu (OH)4
2-, Cu(OH)3

- and Cu(OH)2, and Zn could form hydroxides and 

hydroxy complexes of Zn (OH)4
2- and Zn(OH)5

3- in cement-amended sludge under highly 
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alkaline conditions (Malviya & Chaudhary, 2006). Similarly, another study suggested that 

most Cu and Zn may exist as metal hydrated phases and metal hydroxides in solid waste 

with highly alkaline pH (Johnson et al., 1996).  

In the case of Ni and Pb, the increase in their leaching potential could be related to the 

complexation of their OH species at alkaline pH in amended biosolids, based on the 

speciation of Ni and Pb shown in Table 2.5. Electrostatic repulsion may occur between the 

biosolids surface and (Ni(OH)3)-/(Pb(OH)3)- at high pH, and could be another factor 

responsible for the higher concentrations of Ni and Pb determined in the amended biosolids. 

These proposed explanations regarding pH influences could be supported by findings 

derived from previous studies, which indicates the leaching of Ni and Pb was well predicted 

by their precipitation curve for pH in the range 4 ~ 10 in fly ash-amended municipal solid 

waste (Dijkstra et al., 2004; Dijkstra et al., 2006; Johnson et al., 1996). However, the results 

from these previous studies also show that the precipitation curve was unable to explain the 

leaching of Ni and Pb at pH above 10, suggesting that DOM may play an important role in 

predicting the leachability of these metals.  

In this part of work, the carboxylic groups were highly deprotonated with increasing pH, 

due to the addition of amendments, as shown in Fig. 5.7, suggesting dissolve of organic 

matter may be promoted in biosolids (Patel-Sorrentino et al., 2002). As a result, the leaching 

potentials of Ni and Pb are likely to increase with increasing DOM content through forming 

soluble DOM-metal complexes in amended biosolids (way iii in Section 2.5.2). Similarly, 

it was found the high degree of complexation of Pb and DOM, due to the specific binding 

to humic substances, caused an increase in the solubility of Pb at pH above 10 in municipal 

solid waste (Dijkstra et al., 2006). It has been further suggested that the concentration of 

leachable Ni is positively correlated to DOM at alkaline pH in soil (Schaecke et al., 2002). 

Ca may be another factor resulting in the increase in the leaching of Ni and Pb through 

cation exchanges and/or impacts on the DOM-metal complexes in amended biosolids, as 

described in section 2.5.3, (Bolan et al., 2003; Businelli et al., 2009; Lu & Allen, 2002). It 
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could be related to the fact that the amendment of biosolids introduced much higher levels 

of Ca, as the lime and lime-mussel shell mixtures are abundant in Ca-related substances. 

Further investigation into the influence of Ca on the metals’ leachability under various pH 

conditions was also carried out in this thesis. The results are presented and discussed in 

Chapter 8.    

Cu and Zn are also widely known to form complexes with organic ligands under 

environmental or alkaline pH, which may be closely correlated with the leaching of these 

metals in soil and biosolids-amended soil (Johnson et al., 1996; Mamindy-Pajany et al., 

2014; Zhou & Wong, 2001). However, in contrast to this facilitation of the leaching of Ni 

and Pb, DOM may reduce the leachability of Cu and Zn by forming DOM-metal complexes, 

which have a high affinity for amended biosolids at high pH as described in Section 2.5.2. 

The results suggest that both the precipitation curve and DOM are responsible for the 

changes in the metals’ leachability at elevated pH in amended biosolids. In particular, the 

influence of DOM on the metals’ leachability may vary depending on the physicochemical 

properties of metals and DOM under various pH conditions in amended biosolids. However, 

the content and physicochemical properties of DOM were not able to be investigated, and 

the Ca concentration was not determined either, as no leachate was able to be collected in 

this part of experiment. To further understand the impacts of DOM and Ca on the metals’ 

leachability in amended biosolids, biorig experiments were conducted to enable the 

collection of leachate. The results and discussion are presented in the Chapter 8.  

5.4 Summary  

This chapter has presented the effects of all the possible additives, and determined the 

mixing ratio of the selected additive, i.e. lime, with sewage sludge. Importantly, the 

influences of lime, as well as mixed lime and mussel shell, on the geotechnical and 

environmental properties of sewage sludge were investigated. 

Mussel shell combined with lime increased the shear strength up to 8.2 kPa, and lime alone 
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enhanced the shear strength to 6.0 kPa compared to 3.0 kPa for sewage sludge on day 42. 

Small differences in shear strength were found by adding lime with mussel shell of different 

particle sizes.  

Lime and the mixture of lime and mussel shell stabilised the degradation of organic matter 

by preventing microbial activity under the highly alkaline conditions. However, the 

functional groups, including amide groups, carboxylic groups/carbonate and 

polysaccharides, changed in amended biosolids. This could suggest lime or a mixture of 

lime and mussel shell should be carefully considered before application, as the 

physicochemical chemical properties of organic matter are closely related to the fate of 

OMPs and metals in sewage sludge/biosolids. It was also found that the influence of lime 

and the mixture of lime and mussel shell on the microbial degradation and functional groups 

of sewage sludge organic matter varied insignificantly over 42 days of curing. 

The concentrations of most of the selected OMPs decreased, with the exception of 4-OP, 

PMD and PGT, between day 0 and day 42 in sewage sludge and amended biosolids. The 

addition of additives hindered the reduction of the most of the OMPs. Slight differences 

were observed for this effect between the addition of lime and lime-mussel shell. The results 

suggest that the changes in the fate of the selected OMPs are likely attributable to the 

influence of elevated pH, by 1) preventing microbial decomposition of the OMPs, 2) 

modifying the hydrophobicity and speciation of the OMPs, and 3) altering the interaction 

of organic matter and the OMPs. Interference from matrix effects and process effects on 

the measurement of OMPs could also be responsible for the changes in the OMPs’ 

concentration determined on day 0 and day 42 in biosolids. However, only the data related 

to the total concentration of the OMPs on day 0 and day 42 was determined due to the 

difficulties in collecting leachate. Further and more detailed investigation may be needed 

to ensure the results achieved by this experiment are reliable and reproducible, and reveal 

the influences of amendments on the leachability of the selected OMPs in biosolids. 

Ni and Pb presented higher leaching potentials than Cu and Zn in sewage sludge and 
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amended biosolids, indicating Ni and Pb may be more likely to cause environmental 

problems in landfilling of biosolids. The addition of amendments reduced the mobility of 

Cu and Zn, while increases were observed in the leaching potentials of Ni and Pb. The 

effects of amendment were found to be related to the modifications in metals’ precipitation 

curves and DOM-metal complexes at alkaline pH. DOM may have an opposite influence 

on the leaching of Ni/Pb and Cu/Zn, depending on the physicochemical properties of DOM 

and metals, as well as the DOM-metal complexes. 

Ten percent lime and a mixture of 10% lime and 40% mussel shell similarly influenced the 

sewage sludge properties, including pH, the transformation and functional groups of 

organic matter, and fate of the selected OMPs and metals and shear strength over the curing 

period, although insignificant differences could be observed. These results, in combination 

with economic considerations and the effort required, led to the choice of 10% lime as the 

amendment for further investigation. Related results and detailed discussion regarding the 

leachability of OMPs and trace metals in lime-amended biosolids are presented in the 

following chapter. 

 

 

 

 

 

 

 

 

 

 



 

136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 Influences of 10% Lime Amendment on the PPCPs’ Leachability 

137 

 

Chapter 6. The Influences of 10% Lime Amendment on 

the Leachability of the Selected PPCPs  

6.1 Introduction 

The overall fate of six selected PPCPs, at levels ranging from 0.6 µg/kg for TCS to 

52.8µg/kg for CBZ in sewage sludge/biosolids, and with a special focus on their 

leachability was investigated in this part of the work. In order to understand how lime 

amendment influences the fate of the selected PPCPs in sewage sludge, batch experiments 

were carried out to: 1) determine the leachability and other behaviours of the selected 

PPCPs in biosolids; and 2) investigate the influence of pH and DOM on the leachability 

and other behaviours of the PPCPs. The batch experiments presented in this part of the 

work are the first stage of this study on the leachability of OMPs in lime-amended biosolids, 

followed by stages using column tests, i.e. biorig experiments (Chapter 7). Because pH is 

hypothesised to be the key factor in altering the PPCPs’ leachability during lime 

amendment, we performed batch experiments over a wide pH range of 5.5 to 11.5, which 

are an effective approach in studying the impact of pH in a system after a period of 

equilibrating time.  

The results regarding to the modifications in the PPCPs’ leachability in lime-amended 

biosolids have been published in a journal article by Kun Wang et al. (2018). In addition to 

the leachability, the fractions of the PPCPs remaining in the solid phase of biosolids, i.e. 

extractable fractions, were also determined in the series 1 experiment, to comprehensively 

understand the influences of lime addition on the overall fate of PPCPs in biosolids. These 

results are also presented and discussed in this chapter.  

The experiments were carried out as follows: 

1) Series 1 

 Experiment was performed employing 30 independent tubes  
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 Biosolids with and without lime amendment were utilised 

 5 curing periods were used – 7, 14, 21, 42 and 63 days 

 Leachate was collected from all tubes 

2) Series 2 

 7 flasks, each with a different pH over the range 5.5 ~ 11.5 were utilised 

 NaCl was employed as the background solution 

 The pH was adjusted by using HCl or NaOH 

 The leachability of the selected PPCPs was determined   

6.2 Experimental Design and Methodology 

6.2.1 Sample Collection and Preparation 

Sewage sludge was collected from the Rotorua Wastewater Treatment Plant, New Zealand, 

which is equipped with a three-stage dewatering processes (conditioning, gravity and 

compression). Homogeneity of sewage sludge samples is crucial to obtain reliable and 

accurate results. Prior to setting up the experiment, sewage sludge was thoroughly mixed 

in a clean tray (L×W×H = 86×56×14 cm) and sampled (~ 50 g) at five locations (Fig. 6.1). 

Triplicate samples were collected from each location. The sewage sludge was frozen at -

20°C before further sample preparation.  

 

Figure 6.1. Schematic Diagram of Sampling Sewage sludge 

Throughout this part of work lime (CaO) was used as amendment and added to sewage 

sludge to achieve a ratio of mass of lime to mass of dry sewage sludge of 0.1. The lime 

amended biosolids and sewage sludge were sampled in the same way. None of the selected 

PPCPs was detected in the lime used in this work. The basic physiochemical properties of 
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the selected PPCPs are presented in Table 2.1, which are not reproduced here. 

6.2.2 Leachability of the Selected PPCPs in Biosolids 

Two sets of samples using sewage sludge and lime-amended biosolids were prepared. Each 

set contained 30×20g samples. Sample preparation was carried out in triplicate by adopting 

previously published procedures (Casey et al., 2004; Durán-Álvarez et al., 2012; Lin & 

Gan, 2011). These samples were compacted and sealed in a series of 50mL centrifuge tubes 

at room temperature. The samples were centrifuged at 9,000 rpm after 7, 14, 21, 42 and 63 

days of curing. The endpoint of 63 days of curing was considered sufficient time to 

complete the reaction between lime and biosolids because the effects of 10% of lime on the 

properties of biosolids have been found to last for approximately 30 days in this system 

(Kayser, 2012a). The purpose of extending the curing time from 30 to 63 days was to 

observe effects of lime amendment on the leachability of the six selected PPCPs in biosolids 

over a longer term. Realisation of this aim will provide more information and a more 

practical evaluation of the environmental effects of lime-amended biosolids. The 

supernatant was decanted into 50 mL glass tubes after the sample had been centrifuged, and 

the residue was quickly washed with 20 mL of 0.01 M NaCl and centrifuged again. This 

wash-centrifuge procedure was repeated three times in order to obtain maximum PPCPs 

leachability in the biosolids soluble phase. All of the supernatant was combined, weighed 

and stored below 4°C prior to further sample preparation and analysis.  

6.2.3 Effects of pH on the Leachability of the PPCPs 

Batch experiments were carried out at room temperature to determine the influence of pH 

on the leachability of the selected PPCPs, following the same procedures used in Section 

6.2.2. A pH interval of 5.5 ~ 11.5 was used in the experiment to cover the pH range from 

sewage sludge (pH ~6) to lime-amended biosolids (pH ~12). The electrolyte was 0.01 M 

NaCl to maintain the ionic strength of samples. A total volume of 200 mL of biosolids and 

NaCl solution (biosolids-solution ratio was 1:10) was continuously mixed in a clean flask 
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by a magnetic mixer. The mixture of biosolids and NaCl solution was prepared in triplicate. 

The pH of this mixture was adjusted with a small volume of 0.1M HCl or 0.1M NaOH to 

the desired pH value in approximately 1 pH unit increments. At each targeted pH, 20 mL 

of mixture was collected and kept in a 50mL amber glass vial. These vials were mixed with 

an end-over-end rotating mixer. The pH of each sample was measured and adjusted every 

two days until the drift of the pH between two adjacent measurements was less than 0.5 pH 

units. This mixing lasted 14 days. The mixture in each vial was centrifuged at 9000 rpm for 

10 mins at the end of curing. The supernatant from each vial was collected following the 

same centrifuge-wash and storage procedure described in Section 6.2.1.  

6.3 Results and Discussion 

6.3.1 Variability in the Concentrations of the PPCPs in Biosolids  

The mean concentrations of the selected PPCPs in the sewage sludge collected from five 

sampling sites (Fig. 6.1) are presented in Table 6.1. In addition to the concentrations, the 

standard deviations and coefficients of the variations for the OMPs are also presented to 

indicate that homogeneity of the biosolids was achieved and the results obtained in this part 

of the work are reliable and reproducible. 

Table 6.1. Total concentrations of the PPCPs in sewage sludge (n=15) 

PPCPs CBZ ERY FLU GFB NPX TCS 

Mean Concentration, 

(μg/kg, dry mass) 
52.8 11.5 26.5 13.7 22.6 0.6 

Standard Deviation 1.80 0.19 1.23 0.22 1.61 0.024 

Coefficient of variation 0.034 0.017 0.046 0.016 0.071 0.039 

The concentrations of PPCPs ranged from 0.6 μg/kg for TCS to 52.8 μg/kg for CBZ. 

Concentrations of these PPCPs can vary greatly in biosolids of different origin. For example, 

concentrations of the same compounds ranged between 80 and 171 μg/kg in a study of 110 

biosolids samples collected from 94 wastewater treatment plants in the U.S. (Kristin 
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McClellan & Rolf U. Halden, 2010), higher than these concentrations in this study. A 

worldwide comparison of concentrations of OMPs in biosolids collected from different 

WWTPs was shown previously in Table 2.2. The differences in the PPCPs’ concentrations 

in the biosolids of different origin could be linked to their use in different countries 

worldwide. For example, it has been reported that higher concentrations of PPCPs in 

biosolids might be due to their wider use in human medication, and lower concentrations 

of some compounds could be related to their lower use (Stewart et al., 2014b). Another 

possible explanation could relate to variations in treatment processes and the nature of the 

source of wastewater, which may result in different fates of PPCPs transporting to 

biosolids/sludge (Chen et al., 2013; Jelic et al., 2011a). The physicochemical properties of 

the PPCPs could also affect their occurrence and concentration in biosolids. For example, 

CBZ has been detected at high levels, which could be attributed to its strong sorption to 

solid particles due to its relatively higher logKow values (2.7). However, SMX was found 

at lower detectable levels, which could be attributed to its weak sorption capacity (logD 

0.7) at ambient pH during the wastewater treatment process (Melanie Kah et al., 2017; 

Stevens-Garmon et al., 2011). Additionally, interference due to matrix and process effects 

during the PPCPs’ measurement process may also contribute to the various levels of PPCPs’ 

concentration in biosolids determined in the same or/and different laboratories.  

6.3.2 Comparison of PPCPs’ Leachability between Sewage Sludge and 

Lime-amended Biosolids 

Changes in the PPCPs’ leachability were observed in two distinct aspects (Fig. 6.2). One 

aspect is related to the leachability with and without lime addition, the other is the variation 

of leachability over time.  

The addition of lime generally enhanced the leachability of ERY and NPX and reduced the 

leachability of GFB, TCS and CBZ over the 63 days of curing. In particular, there was no 

evidence of the presence of CBZ for any of curing period in lime-amended biosolids. The 

effect of lime addition on the leachability of FLU was not consistent over time, and the 
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proposed reasons are discussed in the following sections. These results are consistent with 

those of a previous study, where lime amendment of sludge is proposed to have increased 

the mobility of certain ionised organic contaminants, which could further leach out after 

applying the lime-amended sludge to land (Venkatesan & Halden, 2016). In the sewage 

sludge, the leachability of FLU decreased, NPX increased, while ERY, GFB and TCS 

fluctuated in the first 21 days and then reduced to a relatively stable value. However, the 

leachability of CBZ differed from the other five PPCPs, as no significant variation was 

observed in its leachability over 63 days. In the case of lime-amended biosolids, after an 

initial increase, the leachability of ERY and FLU decreased, followed by a stable regime 

until the end of the experiment. The leachability of NPX, GFB and TCS varied over time, 

following the same pattern as for the sewage sludge. For CBZ, leachability was greatly 

reduced and no CBZ was detected in any aqueous samples of lime-amended biosolids.  

The distribution and transport behaviour of PPCPs, e.g. CBZ, has similarly been found to 

be affected by the curing time in biosolids amended soil (Chenxi Wu et al., 2010). However, 

the curing period was only 24 hours, which is likely too short a curing period for 

comparison with the current study. Further investigation may be needed to reveal the 

correlation between PPCPs’ leachability and longer-term curing time. In contrast to the 

results found in this thesis, other researchers have found that the sorption of hydrophobic 

PPCPs generally increased with time in soil at environmental pH (Luthy et al., 1997). The 

difference could be related to the fact that the matrix of biosolids differs from that of soil, 

containing a much higher proportion of organic matter (up to 85%) compared to soil 

(approximately 1% organic matter) (Navon et al., 2011). Particularly, the physicochemical 

properties of organic matter, such as functional groups and composition, are different in 

biosolids and soil, which may result in different leaching behaviour of PPCPs due to the 

pivotal role of organics in PPCPs’ sorption behaviours. Investigations of the influences of 

sources of organic matter on PPCP’s leachability were carried out in this thesis, and the 

results are presented and discussed in Chapter 7.  
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The results regarding the modifications in the PPCPs’ leachability in biosolids after lime 

amendment, could have suggested that amendment of biosolids with lime may need further 

consideration due to the increases found in the leachability of some PPCPs. Given these 

indications, understanding the mechanisms of PPCPs’ leachability in lime-amended 

biosolids is essential for future assessment of the applicability of lime amendment of 

biosolids. In this thesis, it was hypothesised that pH is of pivotal importance to PPCPs’ 

leachability in lime-amended biosolids, based on the close correlation between pH and the 

physicochemical properties of the PPCPs and DOM. To examine the hypothesis, another 

batch experiment was carried out to reveal how the leachability of the PPCPs varied with 

pH changing in the range of 5.5 ~ 11.5. The results are presented and discussed in the 

following section. 
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Figure 6.2. Leachability of the PPCPs in sewage sludge ( ) and lime-amended biosolids ( ) over 63 days (Kun Wang et al., 2018) 
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6.3.3 Leachability of the PPCPs in Sewage sludge at pH 5.5~11.5  

The leachability of the six PPCPs varied with pH over the range of 5.5 to 11.5 (Fig. 6.3). 

The leachability of ERY, FLU, CBZ and TCS was sensitive to pH, particularly when the 

pH was less than 9.5. In the case of NPX, the relationship between the leachability and pH 

is complex and is elucidated in the disscussion section below. While there is statistical 

scatter in the data for GFB, the general trend is that leachability increased with increasing 

pH, as described below.  

 

Figure 6.3. Leachability of the 6 PPCPs over the pH range of 5.5~11.5 (Kun Wang et 

al., 2018) 

Comparing these observations to those presented in Fig. 6.2, there is consistency in the 

leachability over the range of the PPCPs tested under same conditions in this work. These 

results could suggest that pH plays a profound role in altering the leachability of PPCPs in 

lime-amended biosolids. The influences of pH on the leachability of PPCPs in various 

similar systems has been well documented, as described in the Section 2.4.3. However, the 

relationship between pH and leachability is complex in most cases, due to the complex 

biosolids matrix. The following sections attempt to explore the correlation between the 
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PPCPs’ leachability and their physicochemical properties, and the interactions between 

DOM and PPCPs at higher pH after lime amendment. In this part of the work, the influence 

of pH on the leachability of the six PPCPs was explored from two aspects as discussed in 

the sections below: 1) how pH affects the hydrophobicity and speciation of the PPCPs by 

direct influence; and 2) its in-direct effects on the interactions between PPCPs and the 

coexisting DOM (DOM-PPCP interaction). 

6.3.4 Direct pH Influences on the PPCPs’ Leachability   

Lime amendment was expected to decrease the hydrophobicity of NPX, GFB and TCS, and 

increase the hydrophobicity of ERY and FLU, based on the values of logKow/logD at 

different pH (Table 6.3). The changes in the hydrophobicity may have been responsible for 

the differences in PPCPs’ leachability observed in biosolids after lime amendment. 

Similarly, ionised organic contaminants were found to have potential runoff rates in the 

range of 36 ~ 85%, due to changes in hydrophobic sorption following pH adjustment (3 ~ 

7.5) in sewage sludge applied land (Venkatesan & Halden, 2016). As a non-ionised 

compound, the physicochemical properties of CBZ are independent of pH. 

Electrostatic attraction/repulsion is also an important mechanism in relation to the 

leachability of PPCPs, and is dependent on the speciation of the PPCPs (Stevens-Garmon 

et al., 2011; Venkatesan & Halden, 2016). Lime amendment can alter the speciation of the 

ionised PPCPs (Fig. 6.4.). For example, with the pKa values of 8.3 and 9.8, ERY and FLU 

were expected to be predominantly present as cationic species and uncharged species in 

sewage sludge and lime-amended biosolids, respectively. The species of TCS was expected 

to shift from neutral forms to negatively-charged forms in biosolids after lime amendment 

due to deprotonation of carboxylic groups. As a result, the changes in the leachability of 

the ionized PPCPs may also be attributed to modifications in the electrostatic 

attraction/repulsion in lime-amended biosolids.  
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Table 6.2. The value of logKow/logD for each PPCP corresponding to various 

pH levels in sewage sludge and lime-amended biosolids  

logKow/logD1 
Sewage sludge pH3 Lime-amended biosolids pH 

5.9 5.7 5.9 6.0 6.4 10.8 8.5 8.0 7.6 7.6 

CBZ 2.7 2.7 

ERY N/A2 3.0 2.8 2.5 2.2 2.2 

FLU N/A 4.2 2.9 2.4 2.0 2.0 

GFB 1.6 0.2 0.2 0.2 0.2 0.2 

NPX -0.7 N/A N/A N/A N/A N/A 

TCS 5.0 3.1 3.1 3.1 3.1 3.1 

1 the value of logD is used for the non-ionised CBZ, and the value of logKow is used for the 

ionised and variously ionised ERY, FLU, GFB, NPX and TCS. 

2 the hydrophobicity is not applicable at a specific pH.  

3 the values of pH determined on day 7, 14, 21, 42 and 63.  

Considering the influence of pH alone on the physicochemical properties of the PPCPs, the 

leachability of ERY and FLU would be expected to increase with pH in the range 5.5 to 8.3 

for ERY, or 9.8 for FLU, due to the electrostatic interaction between these PPCPs and 

biosolids. Similarly, the leachability of perfluorooctane sulfonate was found to increase at 

increased pH, suggesting electrostatic interactions as a prominent parameter governing 

partitioning and leachability of positively-charged PPCPs at pH below their pKa values 

(Johnson et al., 2007). On the other hand, a decrease in leachability would occur over the 

pH range above the pKa value of ERY/FLU, i.e. 8.3/9.8, to 11.5 and possibly related to the 

dominance of hydrophobic interaction, as ERY and FLU are distinctly more hydrophobic 

under such pH conditions (Stevens-Garmon et al., 2011). The variations in the 

experimentally derived leachability of ERY and FLU at pH 5.5 ~ 11.5 (Fig. 6.3) are in 

accordance with this line of reasoning, as are the changes in the leachability of ERY and 

FLU after lime amendment. On the basis of the above reasoning and observations from the 

experiments in this study, direct effects of pH are likely to account for the differences in 

leachability of ERY and FLU between lime-amended biosolids and sewage sludge.  
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The leachability of NPX, GFB and TCS was expected to increase over the pH range of 5.5 

~ 11.5, due to the decrease in the hydrophobicity and increase in the electrostatic repulsion 

with increasing pH. However, the leachability of NPX, GFB and TCS observed in the two 

batch experiments, as described in Fig. 6.2 and 6.3, did not fully meet this expectation. The 

experimental data may indicate that the leachability of NPX, GFB and TCS is not solely 

related to the direct influences of pH, but rather the influence of pH on DOM-PPCP 

interaction. This assumption can be supported by previous studies showing that the content 

and physicochemical properties of DOM influence the leachability of PPCPs in biosolids-

amended soil (Hernandez Ruiz, 2011a; Polubesova et al., 2007) . 

 

Figure 6.4. Speciation of the selected acidic and neutral pH-dependent PPCPs over the pH 

range of 5.5~11.5 (Calculated by http://www.chemicalize.org/) 

6.3.5 The Effects of DOM Content on the PPCPs’ Leachability 

The correlation between the leachability of PPCPs and DOM content (often expressed as 

the amount of dissolved organic carbon, i.e. DOC) derived from the series 1 batch 

experiment (6.3.2) is presented in Fig. 6.5.  

http://www.chemicalize.org/
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Figure 6.5. The correlation between the leachability of the PPCPs and DOC over 63 days 

in sewage sludge ( ) and lime-amended ( ) biosolids 

DOM may interact with PPCPs and affect their leachability, depending on the content and 

properties of DOM, as well as the physicochemical properties of the PPCPs under different 

pH. In this work, the leachability of most of the PPCPs (except CBZ in sewage sludge) did 

not correlate well with the concentration of DOC in both sewage sludge and lime-amended 

biosolids over 63 days. For example, the level of DOC in lime-amended biosolids was 

almost as twice that in sewage sludge. The leachability of the PPCPs did not increase 

accordingly, although higher leachability for NPX was observed in the first 21 days in lime-

amended biosolids compared to sewage sludge, as shown in Fig. 6.5. The results indicate 

that the concentration of DOC may not be the primary factor in relation to the PPCPs’ 

leachability in biosolids. This is consistent with a previous study showing wastewater 

derived DOC was likely not a significant factor in determining the mobility of PPCPs in 

biosolids-applied soil (Borgman & Chefetz, 2013). Further, it has been reported that the 

sorption of PPCPs is more likely related to the hydrophobic fractions of sludge-derived 

DOM rather than DOC at pH 3 ~ 9 (Maoz & Chefetz, 2010b). In the following sections, 

the contribution of DOM physicochemical properties to the PPCPs’ leachability will be 

elucidated.  
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6.3.6 The Effects of DOM-PPCP Interaction on the PPCPs’ Leachability 

It has been found that the interactions between DOM and PPCPs are closely related to the 

charge, polarity, aromaticity and organic substances of DOM (Neale et al., 2009; Sibley & 

Pedersen, 2007). Understanding the functional groups and constituents contained in DOM 

is essential for investigating the effects of the DOM-PPCP interactions on the PPCPs’ 

leachability. For sewage sludge, the functional groups and composition of DOM 

components over 63 days of curing are indicated in the FTIR spectra and EEM contours 

shown in Fig. 6.6 and 6.7. 

 

Figure 6.6. FTIR spectra of sewage sludge DOM and IR band assignments (Kun Wang et 

al., 2018) 

The FTIR spectra of the soluble phase of biosolids (Fig. 6.6) have significant IR bands that 

are centered at 1653, 1548, 1400 and 1072 cm-1, in very close agreement with the IR spectra 

of biosolids-derived biocolloidal organic matter (Mao et al., 2003). The intensity of C=O 

stretching assigned to amide I moieties and asymmetric carboxylate at 1653 cm-1, and 

polysaccharides stretching at 1072 cm-1, reduced over time in the soluble phase of sewage 

sludge. The intensity of the amide II groups (N-H bending and C-N stretching) at 1548 cm-

1 and the C-N stretch of amide I groups, as well as symmetric stretching of the COO- bonds 

in carboxylate at 1400 cm-1, gradually increased over 63 days. It has been previously 

reported that polysaccharides are likely to be abundant in the hydrophilic fractions, and the 

hydrophobic fraction of DOM components (intermediate to high molecular weight) is 
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attributed to NH stretching of amide II and aromatic CH stretching (Mao et al., 2003). The 

DOM hydrophobicity could have increased with the reduction in polysaccharides and 

increased in the amide II groups in sewage sludge. 

The excitation and emission matrix (EEM) results from this study (Fig. 6.7) could have 

indicated that the DOM fraction of microbial by-product-like organics (Region IV), such 

as amino acids including tryptophan and tyrosine and polysaccharide, decreased (Chen et 

al., 2003). The intensity of aromatic protein-like organics (Region I and II), which are 

prevalence of C=O stretching, N-H bending and C-N stretching containing amide I and II 

groups, stayed relatively stable (Hernandez-Ruiz et al., 2012b). While humic acid-like 

components (Region V) were observed to gradually increase, their excitation and emission 

wavelengths shifted from 300/380~420 nm at day 7 to 350/380 ~ 450 nm at day 63 in 

sewage sludge. These EEM results are consistent with the FTIR spectra and provide further 

evidence of the increase in DOM hydrophobicity, based on the prevalence of 

hydrophilic/hydrophobic fractions contained in these DOM constituents, as described 

above (Chen et al., 2003). This previous study also reported that the hydrophilic fractions 

had lower fluorescence intensities occurring at shorter wavelengths than the hydrophobic 

fractions. 

 

Figure 6.7. EEM contours of DOM of sewage sludge over 63 days of curing (Kun Wang 

et al., 2018) 

These DOM components tend to interact with more hydrophobic compounds, since the 

hydrophobic DOM-PPCP association is dependent on the hydrophobicity of both PPCPs 

and DOM (Bui & Choi, 2010). The affinity of many PPCPs for DOM is considered to be 
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related to the hydrophobicity of PPCPs and DOM, assuming the hydrophobic interactions 

are paramount (Pan et al., 2009; Tolls, 2001). This likely explains the reduced leachability 

of ERY, FLU and GFB after the first 21 days, because the hydrophobicity of these PPCPs 

is quite low, and so the interaction between these PPCPs and DOM may not be evident.  

Although TCS is hydrophobic with a logD of 5.0 at pH 6.0, it has a non-coplanar structure 

in the molecule, which may make the binding of TCS with the aromatic molecules in DOM 

relatively difficult (Durán-Álvarez et al., 2012). The EEM contours could have 

demonstrated a relative increase in the humic substances in DOM, which suggests the 

interaction of TCS and DOM likely reduced, as the humic substances contain more 

aromatic molecules than microbial byproducts and protein-like organics. This may explain 

the decrease in the leachability of TCS from day 14 to day 63. However, the association of 

TCS and aromatic moieties within the humic organic substances has not been studied and 

no data is available. Additional research is likely to be required to investigate the binding 

of organic contaminants containing meta-chlorinated groups, e.g. TCS, and humified DOM. 

CBZ and NPX have respectively similar levels of hydrophobicity to GFB and ERY, FLU, 

however, their leachability was distinctly different over 63 days. This is probably because 

the interaction between DOM and PPCP could be influenced by specific interactions, such 

as hydrophobic interaction and π-π interactions, besides hydrophobic interaction (Tolls, 

2001). In this work, fulvic acid-like components, which can interact with CBZ through 

hydrogen bonding, were observed to present insignificant changes over 63 days, as shown 

in Fig. 6.7 (Region III), which is likely responsible for the stable leachability of CBZ over 

63 days (Hernandez-Ruiz et al., 2012b). Previously, CBZ has also been shown to interact 

with fulvic acid via hydrogen bonding and van der Waals interactions, compared to other 

DOM constituents, in landfill leachate (Bai et al., 2008; Ruiz et al., 2013). The reasons for 

the increased mobility of NPX over 63 days were not clear at the commencement of this 

work. However, the results of this work could be interpreted to show that NPX may 

associate with specific DOM components, which leads to a proposed understanding of the 
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reasons for its increased leachability, as discussed below. The hypothesis could be 

supported by an earlier study in which the sorption and mobility of isoproturon were 

impacted by low molecular weight organic acids in soil, as indicated by using EEMs and 

ATR-FTIR (Ding et al., 2011).  

After lime amendment, the functional groups and composition of DOM constituents could 

be modified, due to the deprotonation of carboxylic/phenolic groups and structural changes 

at high pH in biosolids. The FTIR spectra and EEM contours of DOM in lime-amended 

biosolids over 63 days are presented in Fig. 6.8.  

The dominant functional groups of DOM were altered after lime amendment, as shown in 

Fig. 6.8a. The IR absorbance band centered at 1653 cm-1 shifted to 1635 cm-1, and the 

intensity was not as significant as in the sewage sludge in the first 21 days, likely due to 

deprotonation and conformational changes of the amide groups at pH 8.0  10.8 ( Wang et 

al., 2012). The amide II functional groups shifted from 1548 to 1556 cm-1, and symmetric 

carboxylic groups shifted from 1400 cm-1 to 1415 cm-1, likely indicating changes in the 

functional groups of DOM, such as the contribution of inorganic substances of CaCO3 as 

well as carboxylic groups. A previous study described similar findings when an EPS, 

derived from wastewater, in aqueous solution was studied at the pH range 2.6 ~ 9.0 

(Omoike & Chorover, 2004). However, in the current study no significant changes in the 

functional groups of DOM were observed after day 42, suggesting the effects of 10% of 

lime amendment on DOM may only last for approximately one month. 

A large fraction of DOM seemed to change from microbial byproducts to humic acid-like 

organics at day 7. The wavelength and configuration of the EEM contours altered as well 

due to the deprotonation of the carboxylic and phenolic groups of organic constituents at 

high pH (Patel-Sorrentino et al., 2002). The modifications in the DOM constituents are 

consistent with the changes in the functional groups presented in the ATR-FTIR spectra, 

such as the reduction in the intensities of microbial byproducts (Region IV) and 

proteinaceous organics (Regions I and II) could be observed with the decrease in 
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absorbance intensities of polysaccharides (1072 cm-1) and amide I groups (1653 cm-1). This 

could be related to the fact that polysaccharides and amide I groups are respectively 

composed of large fractions of microbial byproducts and protein-like organic components, 

as previously described in the sewage sludge section. However, similar constituents were 

observed for the DOM in the soluble phase of lime-amended biosolids as for the sewage 

sludge after 21 days of curing (Fig. 6.7), further suggesting that lime amendment may have 

altered DOM properties for approximately only 21 days. 

 

Figure 6.8. a) FTIR spectra and b) EEM contours of DOM in lime-amended biosolids over 

63 days of curing (Kun Wang et al., 2018) 

In the case of NPX, the enhanced leachability is likely attributable to the great decrease in 

its hydrophobicity. Additionally, we hypothesised that interaction with a specific DOM 

component may also result in an increase in the leachability of NPX. NPX tended to interact 

with the hydrophilic base fraction of DOM at pH 8, through electrostatic interaction of 

positively-charged DOM constituents and anionic NPX (Maoz & Chefetz, 2010b). This 

finding is similar to the pH-dependence curve for the interaction of macrolide and DOM, 

where positively charged tertiary amines and deprotonated acid groups of DOM are 

suggested as governing the interaction (Sibley & Pedersen, 2007). However, these previous 

studies were conducted in a less complex matrix, i.e. extracted DOM and PPCPs, rather in 

biosolids. Further investigation is required to prove the hypothesised existence of 

a) 



Chapter 6 Influences of 10% Lime Amendment on the PPCPs’ Leachability  

155 

 

positively-charged DOM constituents. 

With increasing pH, deprotonation of DOM carboxylic and phenolic groups may be 

promoted, and the capacity of DOM to donate hydrogen bonds could be reduced (Alvarez-

Puebla & Garrido, 2005; Sibley & Pedersen, 2007). The reduced polar interaction 

(hydrogen bonding) of DOM and the PPCPs could be responsible for the reduction in the 

leachability of CBZ, GFB and TCS in lime-amended biosolids, because hydrogen bonding 

has been found to play a major role in association of DOM and CBZ over the pH of 3~9 

(Maoz & Chefetz, 2010b), as well as in the GFB-DOM interactions (Comerton et al., 2009), 

and affinity of organic matter for TCS over the pH of 2.5 ~ 8.0 (Usyskin et al., 2015).  

The results from the two batch experiments could suggest that the PPCPs’ leachability 

observed is a combination of a number of complex interactions, reactions and processes. 

Positively charged ERY and FLU could have been a result of the effects of pH on their 

electrostatic interaction with biosolids. The reduction in the leachability of CBZ, GFB and 

TCS is likely due to the decrease in hydrogen bonding of these PPCPs and DOM at 

enhanced pH. For NPX, the significant increase in the leachability is assumed to be related 

to a favourable association with hydrophilic DOM constituents, e.g. amino acids. 

Additionally, uncertainties induced by the interference of matrix effects and process effects 

during the measurement of the PPCPs may also have contributed to be changes in the 

PPCPs’ leachability, and may need to be further investigated in future work.   

Further, in the case of GFB and TCS, the leachability derived from the lime-amended 

biosolids was inconsistent with that observed with increasing pH by simply adding NaOH, 

(Fig. 6.2 and 6.3). The results suggest that other factors, e.g. Ca, could also have influenced 

the PPCP’s leachability, as the significant difference between the two experiments was the 

introduction of Ca after lime amendment. To examine this hypothesis, further investigation 

regarding the influences of Ca on the leachability of the PPCPs in lime-amended biosolids 

at various pH was carried out. The results are discussed in the next chapter. 
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6.3.7 NPX and DOM 

NPX is assumed to be able to interact with a specific DOM component, which could have 

been resulting in an increase in the leachability after lime amendment as a function of time. 

The specific DOM component of interest in this study (containing amide II, as described 

above and further below) likely occurred at pH 5.5 ~ 7.5, based on the leachability of NPX 

(Fig. 6.2 and 6.3). This is substantiated by the distinct FTIR spectra band at 1548 cm-1 (N-

H bending and C-N stretching in amide II groups) present at day 63 for (i) sewage sludge 

with a pH of 6.4 (Fig. 6.7) and (ii) lime-amended biosolids at pH 7.6 (Fig. 6.8a), considering 

both the wavenumber and shape of the peak.  

 

Figure 6.9. FTIR spectra of sewage sludge DOM over the pH of 5.5~11.5 

The FTIR spectra of the soluble phase of biosolids at pH from 5.5 to 11.5 further suggests 

that the functional groups centered at 1548 cm-1 with a well-defined peak, which contained 

the specific DOM component of interest, were most likely observed at pH 5.5 ~ 7.5. 

Because in the case of the peaks also centered at 1548 cm-1 with high intensities at pH 

above 8.5, their wavenumber shifted to a little lower number and shape of these peaks 

differed from that occurred at pH 5.5 ~ 7.5. These results could have suggested that the 

constituents and configuration of the DOM functional groups present at pH above 8.5 
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changed, compared to those observed at pH 5.5 ~ 6.5 (Hay & Myneni, 2007; Omoike & 

Chorover, 2004).  

Parallel factor (PARAFAC) analysis of the EEM data set could provide further evidence 

related to the occurrence of the specific DOM component at pH 5.5~7.5. A two-component 

PARAFAC model presents emission and excitation spectral loadings and their 

corresponding wavelengths are shown in Fig. 6.10. The model was validated by core 

consistency diagnostic score and explanation of data variability, which were both above 

95%, indicating the correct number of components were chosen in this work.  

 

Figure 6.10. Excitation and emission spectral loadings of non-negativity-constrained two-

component PARAFAC model of DOM over the range of pH 5.5~10.5 (The components 

contained in DOM at pH above 7.5 are the same as at 7.5) 
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At pH 5.5 and 6.5, the spectral loadings of component 1 and 2 were characteristic of soluble 

microbial by-product-like organics. However, the emission wavelengths varied from 305 

nm for component 2 at pH 6.5 to 375 nm for component 1 at pH 5.5 ~ 6.5, which could 

have indicated the microbial byproducts associated with component 1 and 2 contained 

different components over the pH range of 5.5 ~ 6.5 (Andersen & Bro, 2003). Component 

2 was assigned respectively to tryptophan-like organics (pH 5.5) and tyrosine & protein-

like organics (pH 6.5). For a pH in excess of 7.5, component 1, which had the same 

excitation and emission wavelengths at pH 5.5 and 6.5, was associated with microbial 

byproducts. In the case of component 2, which had two excitation peaks and a signal 

emission peak, it was associated with humic substances, i.e. humic acid-like and fulvic 

acid-like organics. Given that the changes in the component 2 constituents occurred under 

different pH, the hydrophilic DOM component discussed in the previous sections could 

have been tyrosine & protein-like organics at pH 6.5, which showed a relatively high 

concentration based on the spectral loadings. The observation is consistent with the 

assumption that the specific DOM constituents were positively-charged hydrophilic 

components, as tyrosine is a type of amino acid and protein-like organics contain amino 

acids. In particular, amino acids are known as fractions of soluble microbial by-products 

(Chen et al., 2003). 

Ibuprofen has been found to interact with wastewater-derived protein-like organics in 

addition to fulvic acid-like organics at ambient pH (Hernandez-Ruiz et al., 2012b). 

Similarly, the interaction between NPX and wastewater-derived DOM was found to be 

influenced by the hydrophilic fractions in DOM at pH of approximately 7 (Feng et al., 

2014). To the authors’ knowledge, this is the first time that electrostatic interaction between 

NPX and tyrosine & protein-like organics has been proposed as likely responsible for the 

increase in the leachability of NPX in lime-amended biosolids. Further work may be needed 

to provide more direct evidence supporting the hypothesis of a specific interaction between 

NPX and tyrosine & protein-like organics.  
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Following the alkaline period of approximately 42 days, the pH of lime-amended biosolids 

slowly converged towards neutral. In particular, the modifications in the PPCPs’ 

leachability and content and properties of DOM due to lime amendment started to become 

much less pronounced after 21 days of curing. These results suggest that the impacts of 10% 

lime amendment on biosolids properties may only last for approximately one month. The 

FTIR band centered at 1072 cm-1, assigned to polysaccharides, appeared with high 

intensities in the soluble phase of lime-amended biosolids after day 42 (Fig. 6.8a), which 

could have indicated the reoccurrence of microbial activity after 42 days of curing (Omoike 

& Chorover, 2004). The EEM contours (Fig. 6.8b) showed that a large fraction of DOM 

constituents shifted from humic substances to microbial by-product-like organics after 21 

days, likely further implying the complete consumption of 10% lime.  

The effect of lime amendment on the leachability of PPCPs and DOM was significant 

within a shorter curing time (approximately 21 days). In a full-scale environment, as 

opposed to laboratory tests, other effects on the leachability of PPCPs may also occur as 

the natural environment is not self-contained and includes much more complex dynamics 

than experimental conditions. However, the observations from this work during the curing 

time provide evidence that lime amendment does increase the leachability of some PPCPs. 

The impact of lime amendment should be taken into account, in particular because the 

effects on the wider environment may not be reversible. Longer term experimental curing 

should be considered to better evaluate the leachability of PPCPs in both sewage sludge 

and lime-amended biosolids in practice. 

6.3.8 Fate of the Selected PPCPs in Biosolids 

Fractions of the selected PPCPs remained in the biosolids solid phase, but could be 

extracted by the method described in Section 3.5, i.e. extractable forms were also 

determined, in addition to their leachability. Particularly, the extractable forms of PPCPs 

may be readily available for bacteria or potentially leach out when biosolids are exposed to 

the environment long term (Gottschall et al., 2012; Kristin McClellan & Rolf U Halden, 
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2010). Hence, investigation of the fate of extractable OMPs is of pivotal importance for 

safe landfilling of biosolids in the future. The fraction of extractable forms was calculated 

as the ratio of the mass of PPCPs determined in solid samples to the total mass of PPCPs 

in biosolids. The fractions of extractable forms of the selected PPCPs determined in 

biosolids solid phase over 63 days of curing are presented in Fig. 6.11. In addition, the 

extractable fractions, leachability and other fractions of the PPCPs are presented in Table 

6.3, to further indicate the overall fate of the selected PPCPs in the biosolids with and 

without lime after 63 days of curing.  

 

Figure 6.11. Percentage of the residual PPCPs determined in the solid phase of sewage 

sludge ( ) and biosolids ( ) over 63 days of curing  

The extractable fractions of the selected PPCPs presented various levels of changes in 

sewage sludge over 63 days. Specifically, the extractable fraction of the selected PPCPs 

fluctuated in the first 21 days and then decreased from day 21 to day 42, after which they 

were generally stable until the end of the curing period. This observation is consistent with 

a previous study reporting the amount of CBZ and FLU was stable in the solid phase of 

biosolids-amended soil, after different fluctuations in the first 30 days (Chenxi Wu et al., 

2010). It should be noted that the extractable fractions of CBZ and TCS in the current study 
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was more stable than those of ERY, FLU and GFB over 63 days. A similar finding for the 

fate of TCS was also reported in a previous study, where TCS presented no marked decrease 

in concentration over 336 days of biosolids application to a land site (Kate Alison Langdon 

et al., 2011). CBZ has similarly been suggested to present relatively stable value in soil or 

biosolids-amended soil over 80 ~ 120 days (Li et al., 2013; Chenxi Wu et al., 2010). No 

NPX was detected in either sewage sludge or lime-amended biosolids over 63 days in the 

current study.  

Impacts on the extractable fractions of the selected PPCPs varied in biosolids as a result of 

adding lime. Compared to sewage sludge, they generally showed increased effects in the 

first 21 days, with the exception of TCS on day 7, and insignificant effects afterwards. The 

results are consistent with a previous finding that the addition of lime increased the 

extractable fractions of sulfamethoxazole and acetaminophen in municipal sewage sludge, 

likely due to the dissociation of these compounds and sludge organic components/minerals 

at pH above 12 (Geng et al., 2016). It should be noted that the level of CBZ remaining in 

solid phase was less influenced by lime addition than FLU and TCS. This could be related 

to the fact that the properties of CBZ are independent of pH, while dissociation of 

carboxylic groups of FLU and TCS occurs with increasing pH. No ERY was detected in 

lime-amended biosolids over 63 days. Furthermore, it was observed that the extractable 

fractions of the selected PPCPs in lime-amended biosolids became similar to those 

observed in sewage sludge after 21 days, which was in agreement with the finding that the 

effects of 10% lime on biosolids properties may only last for approximately one month, as 

described in Section 6.3.7. 

The reduction in the extractable fractions of the selected PPCPs in sewage sludge was 

consistent with the results derived in Section 5.3.3.3. It is likely associated with microbial 

decomposition of these PPCPs, and the microbial decomposition varied depending on the 

physicochemical properties of the PPCPs (Lin & Gan, 2011; Yu et al., 2013). It has 

previously been reported that microbial degradation was of importance for the fate of CBZ 
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in wetland sediment under aerobic conditions, although the half-life of CBZ ranged from 

281 days to 439 days (Conkle et al., 2012). The same study also reported relatively more 

rapid degradation of GFB with a half-life of 15 ~ 22 days, which is likely attributable to 

the weak sorption results and better availability of this compound to the microorganisms 

due to the electrostatic repulsion between anionic GFB and negatively-charged biosolids. 

As CBZ is neutral at environmentally relevant pH, stronger sorption to biosolids may occur, 

likely creating difficulties for microbial decomposition, compared to GFB. A further 

example relating to the degradation of TCS carried out in soil could also support this 

assumption, showing that the half-life of TCS was found to be 18 days under aerobic 

condition, and it persisted within 70 days of the experimental period under anaerobic 

conditions (Ying et al., 2007). The experiment undertaken in the current work was most 

likely under anaerobic conditions, on the basis of the experimental set-up described in 

Section 6.2.2, suggesting the microbial decomposition of PPCPs may not be as active under 

aerobic conditions. Or there are diversities in microorganisms between the biosolids studied 

in this thesis and soil or wetland sediments used in other studies in terms of their activity 

in degrading the OMPs, as the biosolids matrix differs from that of soil or wetland 

sediments. Further confirmation of the microbial decomposition of PPCPs in sewage sludge 

under anaerobic conditions may be needed to better understand the fate of the OMPs in 

biosolids. 

Following lime amendment, microbial activities may be inhibited at high pH, as has been 

widely reported in a range of previous studies (Ministry for the Environment, 2003). The 

negative influence of lime on the microorganisms was observed to last for approximately 

21 days, which could be a possible reason responsible for the generally higher concentration 

of the PPCPs (except ERY) determined in lime-amended biosolids in the first 21 days. 

However, microbial activity could have reoccurred afterwards until the end of curing time, 

as supported by the spectroscopic evidence derived from ATR-FTIR and EEM and 

presented in Section 6.3.6. Specifically, lime amendment could have reduced the formation 
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of bacterial flocs or aggregations due to the electrostatic repulsion between their 

neighbouring functional groups at higher pH, thus producing relatively aerobic zones and 

resulting in the enhancement of microbial activity (Sweity et al., 2011; Wang et al., 2012). 

This finding could have suggested that the contribution of microbial decomposition of the 

selected PPCPs should not be ignored when biosolids are amended with less than 10% lime. 

For example, with pH increasing up to 10.8, a large fraction of ERY would shift from 

cationic forms to neutral forms, which could lead to desorption of ERY by reducing 

electrostatic interaction between ERY and negatively-charged biosolids organic 

components/minerals. As a result, the availability of ERY to microorganisms would 

increase after 21 days of curing, which may partly explain the absence of the ERY in lime-

amended biosolids. However, there is no direct evidence or other information to support 

the proposed explanation on the complete microbial decomposition of ERY in lime-

amended biosolids. To the author’s knowledge, there are no published studies relating to 

the influences of lime addition on the availability and microbial decomposition of ERY in 

biosolids. These uncertainties can be considered as providing the initiative for further 

investigation on the fate of ERY in both sewage sludge and lime-amended biosolids.  

Lime amendment resulted in an increase in DOC through deprotonating organic carboxylic 

groups at higher pH, as shown in Fig. 6.5. This could cause a decrease in the content of the 

organic components remaining in the solid phase of the lime-amended biosolids. This is 

supported by the direct evidence that the organic matter content was 31.4% in the sewage 

sludge and 20.5% in the lime-amended biosolids (based on dry mass of biosolids) after 63 

days of curing. Similar effects of lime addition on the content of organic matter were also 

reported in a previous study, indicating that the addition of lime induced the hydrolysis of 

protein, fats and carbohydrates, leading to an increase in the DOC/TOC ratio in the limed 

sludge compared to raw sludge (Geng et al., 2016; Valderrama et al., 2013). The reduction 

in the organic content may lead to increases in desorption of the OMPs which then 

accumulate in lime-amended biosolids, as organic matter has been reported to account for 
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most differences in the sorption of OMPs by different soil or/and biosolids-amended soil 

(Das et al., 2004; Tolls, 2001; Usyskin et al., 2015). This could provide further explanation 

for the increase in levels of extractable PPCPs determined in biosolids after lime 

amendment. In particular, modifications in the functional groups and constituents of 

organic matter could also contribute to these observed increases in lime-amended biosolids. 

After lime amendment, large fractions of the carboxylic groups and phenolic groups 

contained in the organic components were deprotonated and dissolved in aqueous phase at 

high pH, as described in Section 6.3.6, which may have led a reduction in the amount of 

organic substances remaining in the biosolids solid phase. These influences on the 

physicochemical properties of organic matter may result in decreased sorption of OMPs in 

lime-amended biosolids, as the carboxylic and phenolic groups play the predominant role 

in PPCP-organic matter interactions due to their capability as hydrogen donors and 

acceptors (Neale et al., 2009; Sibley & Pedersen, 2007).  

NPX was likely to be readily biodegradable due to the better availability of this compound 

to the microorganisms (Topp et al., 2008), as it exists in completely anionic forms at 

environmentally relevant pH. In a previous study in a wastewater treatment plant, about 60% 

of NPX was degraded within 28 days and only one specific metabolite was identified 

(Quintana et al., 2005). The significant leaching potentials of NPX may also have 

contributed to its non-detectable levels in biosolids solid phase with and without lime 

amendment over 63 days, as shown in Table 6.3. 

In addition, the loss and/or impacts of matrix effects and process effect on the recoveries, 

LOD and LOQ over the OMPs’ measurement process may also have contributed to the 

dissipation of the OMPs from day 0 to day 63. For example, the recovery of ERY was low 

to 20.4%, with LOD and LOQ of 2.0 ng/kg and 6.0 ng/kg, due to the interference of matrix 

effects and process effects (above 100%), providing another possible reason for the absence 

of ERY in lime-amended biosolids. A similar assumption was made in Section 5.3.3.3 to 

explain the dissipation of the OMPs in biosolids over time, as well as in previous studies 
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(Göbel et al., 2005; Li et al., 2009b). These uncertainties caused by human error and the 

heterogeneous biosolids matrix should be clarified and minimised to enable the 

achievement of reliable and precise results in future work. Other factors, such as their 

transformation to non-extractable residues through associating with biosolids organic 

matter/minerals could also have contributed to the decrease in the extractability of the 

PPCPs (Barriuso et al., 2008). This proposed explanation could be supported by previous 

studies showing that pesticides or ‘metabolites’ that contain ‘free’ reactive chemical groups, 

e.g. aniline and phenol, have a tendency to produce a large proportion of non-extractable 

residues (Helling, 1976; Talebi & Walker, 1993). Another previous study over 300 days in 

soil following the addition of biosolids reported the formation of non-extractable TCS, with 

30 ~ 51% of total TCS shown to be recalcitrant fractions resistant to extraction and 

degradation (Kate Alison Langdon et al., 2011; Langdon et al., 2012). However, very 

limited work has been done to elucidate the contribution of non-extractable forms of OMPs 

to their overall fate in soil, biosolids or biosolids-amended soil, in particular the 

modifications in the formation of non-extractable PPCPs due to lime addition. Further 

investigation may be required to provide direct evidence for the presence and contribution 

of non-extractable PPCPs in biosolids with and without lime amendment. 

Table 6.3. Percentage of the selected PPCPs in solid and leachate samples, and other fates 

in biosolids, after 63 days of curing 

Fraction (%) 
Sewage sludge Lime-amended biosolids 

ERY NPX GFB TCS CBZ ERY NPX GFB TCS CBZ 

Liquid phase1 0.1 47.1 3.6 3.7 2.3 1.2 71.1 2.7 3.2 - 

Solid phase2 48.5 - 17.7 97.6 82.8 - - 34.2 72.2 89.4 

1 is the total leachability after 63 days of curing. 

2 extractable fractions after 63 days of curing. 

Considering biosolids as a whole system, the overall fate of the PPCPs may also include 

biodegradable fraction, non-extractable fractions and/other loss, in addition to their 

leachability and extractable fractions as presented in Table 6.3.  
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The results seem to show the extractable forms of CBZ, ERY and TCS were the 

predominant fractions in sewage sludge. NPX may have a higher tendency to leach out, 

reducing its level by almost half in sewage sludge, compared to other OMPs. For GFB, 

other types of dissipation were likely to be composed mostly of its total amount, and a 

higher contribution from extractable forms of GFB than leachability explained its total 

amount in sewage sludge. These results could indicate NPX may ultimately have the most 

potential to enter the environment and cause adverse risks to the ecosystem when biosolids 

are disposed of in landfill. The occurrence of CBZ, ERY and TCS in biosolids should also 

not be underestimated, as they are mostly likely to be extracted and readily leachable.  

Lime amendment increased other fractions of ERY and TCS, while reducing those for NPX, 

GFB and CBZ by reducing or increasing their combined fractions of leachability and 

extractable fractions. In particular, lime amendment was essentially found not to alter the 

overall fate of the OMPs with the exception of ERY, compared to sewage sludge. These 

influences are dependent on the physicochemical properties of the selected PPCPs and 

biosolids chemistry, such as pH, DOM, microorganisms and organic matter, as described 

in the previous sections in this chapter. The results suggest lime addition may ‘lock’ some 

OMPs from leaching out or being readily extracted from biosolids, and thus reduce the 

hazard of biosolids to the ecosystem. However, the advantages of lime addition for reducing 

the availability of the PPCPs to the environment may not be applicable to all OMPs present 

in biosolids. In particular, the effects of 10% lime on the fate of the PPCPs only lasted 21 

days, indicating the amount of lime amendment may also make a difference to the observed 

effects of PPCPs in biosolids.  

6.4 Summary  

This chapter has discussed investigations of the effects of 10% lime amendment on 

leachability and other fates of six selected PPCPs in biosolids over a curing period of 63 

days in batch experiments, with special emphasis on the OMPs’ leachability. The results 
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show lime amendment increased the leachability of ERY and NPX by 21.7 ~ 33.8%, 

decreased the leachability of CBZ, GFB and TCS by up to 100%, while leachability 

fluctuated for FLU. Additionally, the hydrophobicity and speciation of the selected PPCPs, 

and content, functional groups and constituents of DOM were modified in lime-amended 

biosolids at high pH. 

In lime-amended biosolids, the leachability of ERY and FLU was found to be due to the 

influence of elevated pH on electrostatic interaction with biosolids. The leachability of CBZ, 

GFB and TCS is likely dependent on the influence of elevated pH on the hydrogen bonding 

of CBZ, GFB and TCS and DOM. In the case of NPX, the increase in its leachability may 

be related to the influences on the hydrophobic interaction/electrostatic interaction of NPX 

and surface/hydrophilic DOM constituents of biosolids. The relationship found between 

DOM concentration and the PPCPs’ leachability indicates that DOC is not the main reason 

for the changes in leachability. The extractable fractions of the selected PPCPs were found 

to generally reduce over 63 days, although fluctuations were observed in the first 21 days, 

in both sewage sludge and lime-amended biosolids. Lime amendment may have increased 

the extractable fractions of CBZ, GFB and NPX, but reduced those for ERY and TCS in t 

lime-amended biosolids, in particular in the first 21 days. The effects of lime on the 

extractable PPCPs are likely related to the inhibition of microbial activity, modifications in 

the physicochemical properties of PPCPs and biosolids organic matter, formation of non-

extractable substances with biosolids organic components/minerals, as well as interferences 

during the OMPs’ measurement process. In particular, it needs to be noted that the 

contribution of non-extractactability to the PPCPs’ fate is likely dependent on the amount 

of lime applied, in addition to microbial decomposition and other factors. Since the amount 

of lime was found to be closely related to the effects, including the duration, on the overall 

fate of the PPCPs, as addressed in previous sections (Section 5.3.3.4 and 6.3.8). 

Lime amendment may ‘lock’ some OMPs from leaching or being readily extracted out of 

biosolids. However, this effect may not be applicable for all the OMPs present in biosolids. 
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In particular, some OMPs are likely more easily leachable or readily extractable in lime-

amended biosolids. On the basis of the experimental results derived from this part of work, 

careful consideration should be given to the addition of lime to biosolids.    

The effects of lime on the leachability and extractable fractions of the PPCPs, the content 

and physicochemical properties of DOM, and the content of organic matter and pH were 

only observed for approximately one month, likely due to the complete use of lime in this 

period. Further, inconsistencies in the leachability of GFB and TCS under the two 

experimental conditions, as described in Section 6.3.2 and Section 6.3.3, could have 

indicated that the presence of Ca is likely another factor influencing the leachability and 

other fates of the PPCPs after lime amendment. In order to comprehensively understand 

the longer-term influence of lime on the fate of all the selected OMPs in biosolids, 20% 

lime was applied, mixed with biosolids and incubated in a specially designed instrument 

called a ‘biorig’ for 105 days. Details of the experimental methods and the results are 

described and discussed in Chapter 7. 
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Chapter 7. The Influence of Lime Amendment and 

Overburden Pressure on the OMPs’ Leachability and 

Shear Strength  

7.1 Introduction 

In this chapter, a higher amount of lime, i.e. 20%, was used to mix with biosolids, since 20% 

lime amendment performed well in improving the properties of biosolids, as shown in 

Section 5.3.2. Additionally, the addition of 20% lime is popularly utilised in wastewater 

treatment plants in New Zealand, and 20% lime was found to substantially change the 

chemical and physical structure of biosolids for up to 84 days in the Mangere wastewater 

treatment plant study (Kayser, 2012b). 

This chapter presents the results and discussion from two series of experiments designed to 

investigate the leachability of 16 OMPs, using a ‘biorig’, described below, and batch 

experiments. In addition, the effects of biosolids and soil DOM on the leachability of CBZ 

were investigated in a series of batch experiments. CBZ was chosen as the model compound 

for carrying out further investigations described in this chapter for three reasons. Firstly, as 

one of most popularly used pharmaceuticals worldwide, CBZ is found in relatively high 

concentrations (52.8µg/kg) in biosolids; Secondly, although the leachability of CBZ was 

observed to be low at 2.3% in sewage sludge after 63 days of curing, a large fraction (up to 

82.8%) of CBZ was readily extractable, and so may potentially transport to leachate and 

ultimately enter the environment over long period. Thirdly, as a neutral and non-ionised 

compound, the properties of CBZ are independent of pH. This investigation aimed to 

elucidate the influences of DOM sources, i.e. biosolids and soil, on the OMPs’ leachability 

under different pH. Accordingly, choosing CBZ was considered an effective way of 

reaching this experimental objective as the contribution of the physicochemical properties 

of CBZ to its leachability could be eliminated, while the properties of other ionised OMPs 
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are closely correlated with pH values.  

A specialised instrument called a biorig had previously been designed and built in our 

research group (Kayser, 2012b). This device is designed to place an overburden pressure 

on a specimen contained in a stainless-steel tube of diameter 75 mm and length 500 mm. 

This simulates the condition of biosolids in a monofill or solid waste site with 

approximately 10m or 20m of overburden.   

To further investigate reasons for the effect of lime amendment over the pH range 5.0 ~ 

11.4 on the leachability of the OMPs, a series of batch experiments were conducted to find 

the influence of: (i) DOM on detection of the OMPs; (ii) DOM on the leachability of the 

OMPs; and (iii) Ca and DOM on the leachability of the OMPs. 

An overview of the two series of experiments is provided below: 

1) Biorig experiments 

 Performed using 6 independent set-ups 

 Both lime-amended and unamended specimens were utilised – compacted to a 

density of 1.03 t/m3 in the stainless tubes 

 Two overburden pressures – 115 and 225 kPa – were used to simulate 10m and 20m 

of biosolids overburden 

 Two curing times were used – 21 and 105 days 

 Leachate was collected from all set-ups 

 The undrained shear strength of specimens taken from the tubes was found using a 

triaxial apparatus 

2) Batch experiments 

 Nine batches using flasks and covering a pH range of 5.0 ~ 11.4  

 The pH was adjusted by adding HCl and NaOH solution 

 The influence of Ca on the leachability was investigated by replacing the electrolyte 

NaCl with CaCl2 in sewage sludge 

 The influence of biosolids DOM on the leachability of CBZ was investigated 
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 The influence of soil DOM on the leachability of CBZ was investigated to simulate 

the addition of biosolids to soil 

The leachate produced from each biorig was collected over 105 days of curing. The 

concentrations of the 16 selected OMPs in the leachate were then measured to determine 

their leachability. The concentrations of the OMPs left in the solid phase of the biosolids, 

i.e. extractable fractions, were also measured after 21 and 105 days of curing to assess their 

potential availability and other fates, in addition to leachability, to fully evaluate the effects 

of lime amendment on the overall fate of the OMPs in biosolids. Shear strength was also 

measured for biosolids with and without lime addition under overburden pressure as 

another indicator of whether lime-amended biosolids are more applicable for landfill in 

terms of potential risks compared to sewage sludge.  

7.2 Experimental Design and Methodology 

7.2.1 Biorig Experiments 

The design, construction and calibration of the borigs have been fully described by Kayser 

(2012b), and so are not described in detail here. The experimental set-up is presented in Fig. 

7.1a. 

 

 

Figure 7.1. a) Biorig experimental set-up with leachate collection, b) Tube bottom with 

metal mesh and ceramic plate, c) Finished stainless steel tube set-up 
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Temperature was monitored over the experimental curing period using thermocouples 

connected to a PicoTech temperature reader. The temperature readings remained relatively 

stable (+/-0.5 degrees) for all the biorigs over the curing period. Masses of different weight 

were attached to the end of steel cables connected to the biorig frame to simulate the 

overburden pressures. The overburden pressures used were 115 and 225 kPa, requiring the 

application of 25 and 50 kg masses respectively.  

In all the work reported in this chapter, the lime added was 20% of the dry weight of the 

biosolids. The quantity of biosolids and lime used was determined using Equations 5.1~5.4, 

and preparation of the specimens followed the procedures described in Chapter 5. To meet 

the required height of the specimens for measurement of shear strength (150 mm, i.e. twice 

the diameter), as well as to allow for possible compression and expansion of the specimens 

over 105 days of curing, the initial height of the specimens in this work was approximately 

390 mm. The specimens without lime amendment were considered as controls for 

comparison with the results obtained for the specimens with lime amendment.  

Table 7.1. Biorig experiment sample collection and testing schedule 

Biosolids with and without lime addition 

under 115 and 225 kPa overburden pressure 

Sample type Leachate Solid phase 

Sampling schedule 
Once a day over 0~42 days 

Twice a day over 43~105 days 

Day 21 

Day 105 

pH √ - 

OMPs √ √ 

DOM/organic matter √ - 

Undrained Shear strength (kPa) - √ 

The leachate was collected in separate bottles from both the top and bottom of the stainless- 

steel tube. The collected leachate was decanted into a clean bottle in the volume ratio of 

50:50 (Top : Bottom). The measurements of the properties of the liquid and solid phase 
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samples are listed in Table 7.1. The results relating to leachate production, the OMPs’ 

leachability and DOM concentrations are presented as the measured value at specific points 

in time from a single tube. 

7.2.2 Batch Experiments 

7.2.2.1 Preparation of DOM and OMP Stock Solutions 

The biosolids DOM was obtained from the biosolids extracts by mixing them with 0.01 M 

NaCl at a dry solid to solution ratio of 1:10 (w:v), adapting the method described in a 

previously published study by Navon et al. (2011). The mixture was put in an end-to-end 

rotating mixer for 48 h. The suspension was then centrifuged at 21,875 g for 20 min to 

separate solids and supernatants. The supernatants were filtered through a 0.45 μm RC filter, 

and used as the biosolids DOM stock solution in the following experimental work (Section 

7.2.2.2~7.2.2.5). The concentration of the DOM stock solution obtained was 5000 mg/L. It 

was stored in a 4 °C fridge for later use. In the following sections, the name DOM is used 

when biosolids DOM is discussed, unless specifically stated. 

The freshwater DOM – Suwannee River natural organic matter – was purchased in freeze-

dried form from the International Humic Substances Society (IHSS), to simulate dissolved 

organic matter in natural soil. The stock solution was made up by dissolving the freeze-

dried natural organic matter in 0.01 M NaCl solution to the same level as the biosolids 

DOM, i.e. 5000 mg/L. In the following sections, the name DOM(N) is used when soil DOM 

is discussed, unless specifically stated. 

The OMP standards were purchased from Shimadzu (Australasia) in three groups, 

comprising two groups of seven PPCPs and one group of nine steroids and hormones at 

concentrations of 200 mg/L for each group. The OMP stock solution was prepared by 

dissolving 1.0 mL of each group of OMP standards into 7 mL of methanol to obtain 

concentrations of 20 mg/L, as determined by LC/MS. 
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7.2.2.2 The Influence of DOM on Detection of the OMPs 

A series of experiments were carried out in triplicate to ascertain if DOM influences the 

detection of OMPs over the pH range 5.0~11.4, using a batch-equilibrium technique at 

room temperature (20~22 °C), as presented in Fig. 7.2. 

Background solutions were prepared containing 0.01 M NaCl to 200 mL to maintain a 

constant ionic strength. DOM stock solution was added into each background solution to 

final concentrations of 8, 80 and 1000 mg/L. The mixed solutions were stirred for 1 h and 

1.5 mL of OMPs stock solution was then added into the prepared solution and mixed for 1 

h before adjusting the pH. The adjustment of pH over the target range pH 5.0~11.4 was 

carried out using a small volume of 0.1 M HCl and NaOH in increments of 0.8 units (Fig. 

7.2b). After each pH value was achieved, about 20 mL of solution was collected and 

transferred to an amber vial. The vials containing solutions at different pH were then put 

into an end-to-end rotating mixer for a further incubation period of 48 h, as presented in 

Fig. 7.2c. The OMP-spiked background solution without DOM addition was considered as 

the control in this work. After incubation, the pH was measured. The solutions were then 

centrifuged, extracted by SPE, and the concentrations of OMPs measured by LC/MS. 

 

Figure 7.2. a) Experimental set-up, b) pH adjustment, c) DOM-OMP incubation 

a) 

c) 

b) 
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The detailed experimental set-ups and methodology for determining the influence of DOM, 

DOM and Ca, and DOM and DOM(N) on the leachability of the OMPs over the pH range 

5.0~11.4 can be found in Appendix I (AI.2~4). It should be noted that the influence of Ca 

on the leachability of the OMPs was determined by changing the background solution from 

NaCl to CaCl2. 

7.3 Results and Discussion 

7.3.1 Production and Basic Characteristics of Leachate 

7.3.1.1 Leachate Production 

The volumes of leachate produced from the biosolids with and without lime amendment 

over 105 days of curing are shown in Fig. 7.3. Leachate production from the sewage sludge 

increased continuously over the 105 days of curing. While this increasing trend did not stop 

over 105 days, the increase was observed to slow down after 70 days of curing. The amount 

of leachate produced from the lime-amended biosolids increased dramatically to a 

maximum volume of approximately 280 mL at day 56, and then remained nearly stable 

thereafter. Lime amendment significantly increased leachate production in the first 49 days, 

and the increase then became less pronounced from day 63. Similar findings were also 

reported in a previous study, where lime amendment resulted in increased leachate 

production over 84 days, and the increase observed after 60 days was not as significant as 

that in the first 50 days (Kayser et al., 2015).  

The influence of lime amendment on leachate production may be related to the reduction 

in water holding capacity induced by changes in the biosolids structure due to chemical 

reactions. The modification in biosolids structure with the addition of lime can be observed 

in the ESEM images presented in Fig. 7.4a and 7.4b. The production of water during the 

formation of CaCO3 may also contribute to the increase in leachate production. These 

proposed explanations are supported by previous studies reporting lime addition reduced 
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the water holding capacity of biosolids and produced water during the pozzalonic reaction 

between lime and biosolids. These may be important factors in increased leachate 

production (Kayser, 2012b; Kayser et al., 2015; Lim et al., 2006) . 

 

Figure 7.3. Leachate production of biosolids (lime-amended biosolids under overburden 

pressures of 115 kP ( ) and 225 kPa ( ), sewage sludge under overburden pressures of 

115 kPa ( ) and 225 kPa ( ) over 105 days of curing) 

 

Figure 7.4. ESEM images of a) sewage sludge under 115 kPa, b) lime-amended biosolids 

under 115 kPa, and c) lime-amended biosolids under 225 kPa 

Additionally, lime amendment may have reduced the total suspended solids in the leachate 

(Fig. 7.5), which is largely composed of polysaccharides, by dispersing the aggregates of 

microorganisms at alkaline pH. As a result, the viscosity of the leachate would decrease, 

thus producing a higher rate of leachate in lime-amended biosolids compared to sewage 

sludge (Tixier et al., 2003). The proposed correlation between viscosity and leachate 

a) b) c) 
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production rate is further supported by a study reporting that the viscous behaviour of 

biosolids is dependent on cellular biomass containing large fractions of polysaccharides 

and proteins, which is likely related to the permeability of biosolids (Sarsby, 2005). 

 

Figure 7.5. Comparison of the leachate produced from sewage sludge and lime-amended 

biosolids under overburden pressures of 115 and 225 kPa 

In the sewage sludge, there was a constantly increasing differential between the load cases 

with time, in particular in the late stage of curing period, however the difference was not 

significant. This observation can suggest that the longer-term effects of overburden 

pressure on leachate production may worth investigating to better evaluate the correlation 

between leachate production and overburden pressure in sewage sludge. Leachate 

production increased with increased overburden pressures for an initial period in the case 

of lime-amended biosolids, but the influence of overburden pressure became much less 

pronounced after 28 days of curing. The effects of overburden pressure on leachate 

production were not as pronounced for lime-amended biosolids compared to sewage sludge. 

A previous study conducted by Kayser (2012b) on Mangere biosolids similarly reported 

insignificant differences for leachate production in sewage sludge and lime-amended 

biosolids when applying overburden pressures of 115 and 225 kPa. Based on the 

comparison of the biosolids’ structure (Fig. 7.4b and c), the observed impacts on leachate 

production were likely due to high overburden pressure physically increasing the biosolids 

density and thus reducing the water holding capacity. It was previously reported that a 
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denser matrix was found in lime-amended biosolids under higher overburden pressure after 

84 days, possibly related to the lower water content observed (Kayser et al., 2015). Further 

investigation may be needed to better understand the effects of overburden pressures on 

leachate production, in particular for sewage sludge, as no direct interpretation can 

currently be made for such effects.  

7.3.1.2 Basic Characteristics of Leachate 

For the sewage sludge, after an initial increase from 5.5 at day 1 to 8.0 at day 21, the pH 

displayed small fluctuations but then remained at 8.0 ~ 8.7 until day 105. This finding is 

likely related to the biodegradation of protein-like organics and release of ammonia (Wang 

et al., 2013). The apparent decrease in the relative intensities of amide groups in the FTIR 

spectra (1663 and 1556 cm-1 in Fig. 7.7a) in the first 21 days provides independent evidence 

in support of the above explanation. Lime amendment significantly increased the pH of 

leachate up to a maximum value of 11.4 (Fig. 7.6a). The pH value of lime-amended leachate 

remained above 9.5 until the end of curing, which may indicate the effects of 20% lime 

amendment lasted much longer than 10% lime amendment (see Table 6.2). A wide range 

of studies have reported similar increasing effects on the biosolids/wastewater/sludge pH 

by adding lime or other alkaline additives, due to the production of hydroxyl ions (Husillos 

Rodríguez et al., 2012; Kayser et al., 2015; Lim et al., 2006). 

The DOM content, i.e. DOC, increased significantly after lime amendment. The increase 

in DOC relates closely to the deprotonation of DOM acidic functional groups, e.g. 

carboxylic and phenolic groups, at alkaline pH. As a result, these negatively-charged 

organic components were likely repulsed from negatively-charged surfaces and then 

dissolved in leachate. The results are consistent with other previous studies that DOC 

increases with increasing pH, likely due to the electrostatic repulsion between the surface 

of biosolids and deprotonated DOM components (Alvarez-Puebla & Garrido, 2005; 

Braghetta et al., 1997). Additionally, the increase in leachate production may also have 

contributed to the increase in DOC in the lime-amended biosolids, as the higher the leachate 
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production, the more organic substances may dissolve in leachate due to the dissociation of 

acidic functional groups at high pH. 

The value of SUVA254 was widely reported to be positively correlated with the aromatic 

content and molecular size of DOM (Leehneer & Croué, 2003; Swietlik & Sikorska, 2006; 

Wang et al., 2013). In particular, DOM with a high SUVA254 value of above 4 L mg-1 m-1 

shows a relatively high content of hydrophobic, aromatic and high molecular weight DOM 

fractions, while DOM with SUVA254 values of below 3L mg-1 m-1 contains largely non-

humic, hydrophilic and low molecular weight materials. Lime amendment reduced the 

SUVA254 values over 105 days, likely indicating the aromaticity and molecular size of 

DOM decreased compared to in the sewage sludge. Furthermore, the values of SUVA254 

were above 4 L mg-1 m-1 in sewage sludge DOM, and then reduced to below 2 L mg-1 m-1 

after lime amendment. The reduction in the aromaticity and molecule size of DOM may be 

related to the inhibition of H-bond formation due to aggressive ionisation of the DOM 

acidic groups, e.g. carboxylic and phenolic groups, at alkaline pH in lime-amended 

biosolids (Li & Elimelech, 2004). In addition, DOM components are known to carry 

negative charges at high pH, which may have resulted in intra- and intermolecular 

electrostatic repulsion, thus likely restricting aggregation and reducing the molecular size 

of DOM fractions (Alvarez-Puebla & Garrido, 2005; Li & Elimelech, 2004). Another 

explanation could be that the high pH led to chemical reaction of solids at the aliphatic C-

C bonds in the complex organics, breaking humus into smaller, more hydrophobic and less 

degradable organics (Cui et al., 2017; Polak et al., 2007). The dilution effect may also have 

contributed to the reduction in the SUVA254 values, as DOC is involved in the calculation 

of SUVA254 values and was found to be increased in lime-amended biosolids. The 

correlation between lime amendment and properties of DOM will be further explored in 

the following section, and may provide more evidence to support the proposed explanation 

offered here.  

The effects of overburden pressure on pH, DOC and SUVA254 in lime-amended biosolids 
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were relatively insignificant. These results are likely related to overburden pressures may 

only physically affecting the biosolids structures, as described above. However, in the case 

of aromaticity and DOC in the sewage sludge, there is evidence of a reasonable differential 

based on pressure, while for pH there is no real evidence of a response based on pressure. 

These findings may be related to the increase in leachate production under higher 

overburden pressure in sewage sludge (Fig. 7.3). The larger amount of leachate could have 

led to a reduction in DOC due to dilution effects, and thus resulting in an increase in the 

SUV254 values. The negative influence of the high overburden pressures on microbial 

activity may also be responsible for the different observations for DOC in sewage sludge, 

as microbial biodegradation processes of organic matter may increase DOC through 

releasing a large amount of unsaturated compounds (Wang et al., 2013). However, similar 

amounts of CH4 and CO2 were generated in sewage sludge under 115 and 225 kPa after 84 

days of curing in previous studies (Kayser, 2012b; Kayser et al., 2015). This could suggest 

only a slight influence from overburden pressures on microbial biodegradation, and thus it 

is likely not the main reason for the differences in DOC and SUVA254 in sewage sludge 

under different overburden pressures. 

 

Figure 7.6. Comparison of a) pH, b) DOC, and c) SUVA254 of leachate from sewage sludge 

under overburden pressures of 115 kPa ( ) and 225 kPa ( ) and lime-amended biosolids 

under overburden pressures of 115 kPa ( ) and 225 kPa ( ) over 105 days 

7.3.2 Functional Groups and Composition of DOM 

7.3.2.1 FTIR Spectra 

The changes in the functional groups of DOM with and without lime amendment are 
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presented in Fig. 7.7. 

In the sewage sludge, well-defined peaks at 1633, 1556, 1400 and 1068 cm-1, corresponding 

to amide I, amide II, symmetric carboxylate stretching/carbonate substances and 

polysaccharides/phosphodiester respectively, were observed over 105 days. The results are 

consistent with sample origins and previously published studies of sludge/wastewater, as 

well as the FTIR spectra presented in Chapters 4 ~ 6 (Hernandez-Ruiz et al., 2012a; Omoike 

& Chorover, 2004; Wang et al., 2012). The absorbance intensity of the amide bands reduced 

and the polysaccharide bands shifted to lower wavenumbers over 105 days. The presence 

and changes in these bands over time could have indicated the predominance of bacteria 

and occurrence of microbial activity, as bacteria are a complex mixture of macromolecules 

and polyelectrolytes, including polysaccharides, proteins and nucleic acids (Jayaratne et al., 

1993). Another previous study similarly reported that the stretch of 

polysaccharides/phosphodiester and amide groups can be assigned to microbial biomass 

(Naumann et al., 1996). These findings further support the proposed interpretation that the 

microbial decomposition of protein-like organics is likely responsible for the increase in 

pH (Fig. 7.6a) in sewage sludge, as the amide groups (1633 and 1556 cm-1) are associated 

with the structure of proteins (Wang et al., 2012). Furthermore, the decrease in the 

intensities of the symmetric stretching of C=O in COO- (1400 cm-1) in sewage sludge may 

be related the deprotonation of carboxylic groups with pH increasing up to 8.5, in addition 

to the microbial decomposition of these substances.  
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Figure 7.7. FTIR spectra of a) sewage sludge leachate and b) lime-amended biosolids 

leachate under overburden pressure of 115 kPa (marginal differences were observed for the 

FTIR spectra under overburden pressures of 115 and 225 kPa, see Appendix III.1) 

After lime amendment, a large fraction of the functional groups was observed to be amide 

II and symmetric carboxylic groups centered at 1548 and 1411 cm-1. The polysaccharide 

bands (1076 cm-1) nearly disappeared, and the intensities of amide I (1647cm-1) reduced, 

from day 3 to day 105. The modifications in the functional groups can support the previous 

assumption that the presence of microorganisms was impacted and microbial activities 

were prevented in biosolids after lime amendment. Since amide groups and polysaccharides 

are important components of bacterial cells and biomass, as described above. It should also 

be noted that the wavenumbers of the observed bands shifted, either to lower or higher 

levels, over 105 days of curing time. The modifications in both intensities and 

wavenumbers of the functional groups could have been associated with the structural and 

conformational changes in DOM with increasing pH. These functional groups, e.g. amide, 

carboxylic and phenolic groups, which are associated with the structure and conformation 

of organic matter, are sensitive to changes in pH (Omoike & Chorover, 2004; van de Weert 

et al., 2001). Different substances contributed to the band centered at 1411 cm-1 apart from 

organic molecule groups. For example, the C-O stretch of carbonates is also found at this 

wavenumber (Smith, 1998), and was similarly observed in other biosolids samples studied 

in the previous chapters in this thesis (e.g. Fig. 5.7 and Fig. 6.8). The relative increase in 

a) b) 
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the intensities and shift in wavenumber at this band may be related to the formation of 

CaCO3, when lime was mixed with the biosolids, in addition to the deprotonation of 

carboxylic groups at high pH. The contribution of inorganic carbonate bands to the peak 

centered at 1400~1425 cm-1 has been reported in a wide range of previous research studies 

(Ena Smidt & Parravicini, 2009; Smidt & Schwanninger, 2005). The relatively sharp nature 

of the peak at 1411 cm-1 could further suggest the contribution of inorganic carbonate to 

these bands, as this feature is commonly associated with inorganic groups, e.g. carbonates 

and Si-O-Si (Hay & Myneni, 2007; Smidt & Schwanninger, 2005).    

Considering the functional groups in lime-amended biosolids over time, it was found their 

intensities and wavenumbers remained largely stable, further indicating that the inhibition 

of microbial activity occurred in lime-amended biosolids (20%). Of note, such effects could 

have lasted for 105 days, much longer than with 10% lime amendment (21 days). These 

findings relating to changes in the DOM functional groups suggest that influences on 

biosolids properties are likely dependent on the amount of lime applied, and that 20% lime 

amendment may result in irreversible modifications in the structural and conformational 

properties of biosolids DOM. 

7.3.2.2 Fluorescence EEM Contours 

EEM was also employed in this thesis, which is able to provide qualitative information on 

DOM constituents. Information on the prevalence and structural composition of DOM 

fluorophores from EEM analysis is presented in Fig. 7.8.  

For the sewage sludge, a main peak at EX/EM 300/370 nm, ascribed to microbial 

byproducts, was observed in the EEM contours on day 3. From day 3 to day 21, two peaks 

were present at EX/EM 300/375 nm and 325/400 nm, attributed to microbial byproducts 

and humic acid-like organics. One main peak at EX/EM 350/450 nm and attributed to 

humic acid-like organics was observed at the end of curing. The constituents of DOM, as 

described above, are consistent with the prevalence of amide groups and polysaccharides 

a) a) 

b) 
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observed in the FTIR spectra (Fig. 7.7a). Because the microbial byproducts comprise a 

dominant percentage of amino acids (e.g. tryptophan and tyrosine) and polysaccharides 

(Her et al., 2003), and 40~50% of microbial byproducts are reported to be made up of 

soluble humic and fulvic acids contained in extracellular biological organic matter (Chen 

et al., 2003). In the current study, the DOM components shifted from microbial byproducts 

to humic acid-like organics over time, which is likely related to the microbial 

decomposition of easily degradable organic substances, such as soluble protein materials. 

Similar findings were reported in a previous study, indicating that consistent degradation 

of microbial byproducts and protein-like organics and rapid formation of the humic acid-

like and fulvic acid- like organics occurs in the composting processes of biosolids (Wang 

et al., 2013). 

In particular, the transformation of DOM could have indicateed that DOM hydrophobicity 

increased over time in the sewage sludge. This could relate to the fact that microbial 

byproducts mainly contain hydrophilic polysaccharides and humic acid-like organics are 

largely of high molecular weight, aromatic and contain hydrophobic components (Leehneer 

& Croué, 2003). In the current work, the peak of humic acid-like components shifted to a 

higher wavenumber from day 21 to day 105 (Fig. 7.7a), which could have further supported 

the notion of an increase in DOM hydrophobicity over time, as hydrophilic fractions 

commonly have lower fluorescence intensities and occur at shorter wavelengths than 

hydrophobic fractions (Chen et al., 2003).  

After lime amendment, the DOM constituents could be largely attributed to humic acid-

like organics (EX/EM 450/375, Region IV) over the entire 105 days of curing. Microbial 

byproducts and protein-like organics were also observed in the EEM contours of DOM 

constituents, however their fluorescence intensities reduced in comparison to sewage 

sludge. The reduction in the fluorescence intensities of microbial byproducts and 

proteinaceous constituents could further support the finding on the inhibition of microbial 

activity at alkaline pH in lime-amended biosolids. Similarly, it has been reported that the 
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intensities of protein-like peaks decreased, while the fluorescence intensities of humic 

substances increased, in sludge-derived extracellular polymeric substances with pH 

increasing from 3 to 11 (Sheng & Yu, 2006). This may be related to changes in the 

fluorescence characteristics of the acidic functional groups in the DOM structure with pH, 

as well as changes in their own molecular configurations. 

The peak of humic acid-like organics shifted to an even higher emission wavenumber 

compared to that for the sewage sludge, indicating the humic acid-like organic components 

may have changed as a result of lime addition. In addition, the features of humic acid-like 

organics, which can provide structural information on the macromolecular configuration of 

humic substances, seemed to have altered, as compared to the EEM contours of DOM in 

sewage sludge and lime-amended biosolids (Patel-Sorrentino et al., 2002). This observation 

may further suggest that the humic substances after lime amendment differ from the DOM 

derived from sewage sludge. Conformational changes in the humic substances were 

similarly reported in a previous study, which showed the macromolecular configuration of 

humic substances has a linear structure at high pH and forms coils with decreasing pH 

(Song et al., 2015; Sweity et al., 2011). Inhibition of aggregates of microorganisms and 

ionisation of fluorescent molecules of humic substances with elevated pH could have 

contributed to these changes in the DOM components. This is because elevated pH may 

result in electrostatic repulsion between negatively-charged DOM components and 

ionisation of a large number of carboxylic and phenolic groups. As a result, soluble DOM 

components could have increased and intra- and/or inter-molecular interaction been 

prevented due to the loss of H-bond protons (Alvarez-Puebla & Garrido, 2005; Patel-

Sorrentino et al., 2002). It should be noted there is no direct evidence to support these 

proposed interpretations. In particular, the signal/noise ration seems quite small in the EEM 

contours, which may have led to incorrect observations and thus conclusions from these 

results. However, the changes in the DOM constituents described above, are in good 

agreement with the modifications in the wavenumbers and shapes of the bands 
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corresponding to amide groups, acidic groups and polysaccharides (Fig. 7.7b), as well as 

the SUVA254 values (Fig. 7.6c). The results derived from the EEM contours may reliably 

indicate the changes in the DOM constituents in biosolids. However, further examination 

of these results may be worthwhile to verify the conclusions on the changes in the 

composition of DOM constituents.  

The advanced instruments FTIR and EEM were used to show that lime addition changed 

the physicochemical properties of DOM, in addition to increasing DOC at high pH. The 

leachability of the selected OMPs was expected to change accordingly, on the basis of the 

correlation between OMPs’ leachability and DOM properties under different pH found in 

Chapter 6, and described in Chapter 2. The results for the leachability of the selected OMPs 

in lime-amended biosolids, the influences of DOM on the OMPs’ leachability with 

increasing pH, as well as other factors correlating with the OMPs’ leachability are presented 

and discussed in the following sections.     

When biosolids were placed under overburden pressure, no significant difference was 

observed for the DOM functional groups and constituents in the sewage sludge and lime-

amended biosolids leachate. The FTIR and EEM spectra of the biosolids leachate under 

225 kPa, presented in Appendix II, show almost no influence of over burden pressure. The 

finding could further indicate that overburden pressures insignificantly impacted the 

chemical properties of biosolids, in particular lime-amended biosolids.                                                                                                                                                                                                                                                          
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Figure 7.8. Fluorescence EEM contours of a), b) and c) sewage sludge, and d), e) and f) lime-amended biosolids leachate under 115 kPa 

d) e) f) 
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7.3.3 Leachability of the Selected OMPs 

Nine OMPs, including three ionised OMPs (DCF, GFB and SMX), three variously ionised 

(BPA, EE2 and PMD) and three non-ionised (CBZ, PGT and TST) OMPs, were chosen 

from the 16 selected OMPs to investigate their leachability in lime-amended biosolids. 

These OMPs represent low (DCF, E1 and PMD), medium (BPA, GFB and PGT) and high 

(EE2, CBZ and TST) levels of the OMPs contained in the sewage sludge studied in this 

thesis, as shown in Fig. 4.4. No organic bases were selected, as the leachability of these 

OMPs was found to be closely related to modifications in the physicochemical properties 

of biosolids with increasing pH, as reported in Chapter 6. In particular, the leachability of 

ionised and non-ionised OMPs was found to correlate closely with the physicochemical 

properties of both DOM and these OMPs in Chapter 6.  

Further investigation was therefore required into the role of DOM-OMP interactions in the 

OMPs’ leachability under different pH and in the presence of Ca. In this and the following 

sections of this chapter, the results and discussion only relate to the leachability of the nine 

OMPs. The normalised leachability of the nine OMPs over time and under 115 and 225 kPa 

overburden pressure are presented in Fig. 7.9 and 7.10 to enable a broad comparison 

between OMPs. The results for the other seven OMPs are presented in Appendix II. 

Normalised Leachability = 
𝑡ℎ𝑒 𝑙𝑒𝑎𝑐ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑎𝑡 𝑎 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑢𝑟𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡

𝑡ℎ𝑒 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑙𝑒𝑎𝑐𝑎ℎ𝑏𝑖𝑙𝑖𝑡𝑦 𝑎𝑓𝑡𝑒𝑟 105 𝑑𝑎𝑦𝑠 
   Eq (7-1) 
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Figure 7.9.Normalised leachability of the a) ionised, b) variously ionised, and c) non-ionised OMPs under 115 kPa, and d) ionised, e) partially 

ionised, and f) non-ionised OMPs under 225 kPa (sewage sludge (dash line) and lime-amended biosolids (solid line) over 105 days 
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Figure 7.10. a), b) and c) leachability of the ionised OMPs, d), e) and f) leachability of the partially ionised OMPs, and g), h) and i) leachability of 

non-ionised OMPs (sewage sludge under 115 kPa ( ) and 225 kPa ( ), lime-amended biosolids 115 kPa ( ) and 225 kPa ( ) over 105 days of 

curing) 
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In sewage sludge, the nine OMPs showed various levels of leaching rate over 105 days. For 

example, the leachability of ionised and variously ionised OMPs increased over the first 14 

~ 49 days and then remained nearly stable thereafter, with the exception of DCF, which 

showed a continuously increasing trend after 35 days of curing. In the case of three non-

ionised OMPs, leachability was found to increase over 105 days except for TST, which 

showed the increasing trend only in the first 49 days. Lime amendment reduced the rate of 

the increase in the leachability of the nine selected OMPs over 105 days, although 

fluctuations were observed. More pronounced influences were observed for the leachability 

of variously ionised OMPs than ionised and non-ionised OMPs. The results could have 

indicated that the influence of lime amendment on the leachability of OMPs is dependent 

on the properties of these OMPs, and in particular such effects are correlated with curing 

time.  

As presented in Fig. 7.9, the leaching rate of the OMPs was less influenced by overburden 

pressure than lime amendment. However, differences were observed in the leaching rate of 

some OMPs. For example, in sewage sludge the leaching rate of EE2 and CBZ was reduced 

under 225 kPa compared to under 115 kPa, in particular in the late stage of the curing period. 

After lime amendment, the impacts of overburden pressures became even less significant 

on the leaching rate of the nine selected OMPs over 105 days. These results are consistent 

with findings relating to the effects of overburden pressure on other characteristics of 

leachate, such as pH and DOM properties, in both sewage sludge and lime-amended 

biosolids, suggesting overburden pressure may not be an essential factor when considering 

biosolids chemistry in landfill.  

With regard to leachability (Fig. 7.10), lime amendment increased the leachability of 

ionised and variously ionised OMPs (except GFB), while reducing leachability of the non-

ionised OMPs. The results are in agreement with the influence of 10% lime amendment on 

the leachability of the selected PPCPs reported in Chapter 6. This suggests the observations 

presented in Fig. 7.10 could provide a reliable basis for further discussion, although no 
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previous published studies can be found to apply here. However, it should be noted that the 

modifications in leachability varied among these nine selected OMPs, further indicating 

that the physicochemical properties of OMPs are of pivotal importance to investigating 

their leachability in lime-amended biosolids. In particular, the increase in the leachability 

of the variously ionised OMPs and reduction in the leachability of non-ionised OMPs 

extended to 105 days, much longer than for 10% lime amendment, further suggesting that 

modifications in the biosolids properties are correlated with the level of lime addition.   

In the sewage sludge, the leachability of the OMPs can be correlated with the 

physicochemical properties of the OMPs. These OMPs contain hydrophilic moieties, which 

could result in the OMPs dissolving in leachate, although they are quite hydrophobic 

compounds (see logKow/logD in Table 7.3). For some OMPs, e.g. ionised OMPs, a large 

fraction of negatively-charged forms could be found at ambient pH. As a result, they may 

tend to desorb from the biosolids surface through electrostatic repulsion. Another factor in 

the increase in the leachability of the OMPs with time is likely related to their properties of 

persistence, and thus these OMPs may tend to accumulate in leachate by continuously 

dissolving in the aqueous phase over the curing time. The increase in the hydrophobicity 

of DOM over time, as shown in Fig. 7.7 and 7.8, may also have contributed to the changes 

in the OMPs’ leachability, as described in Chapter 6. For example, such DOM components 

are likely to interact with the OMPs with high hydrophobicity through hydrophobic 

interaction, which may be responsible for the relatively higher leachability of BPA and EE2. 

After lime amendment, the OMP’s leachability was observed to not be well correlated with 

the increase in leachate production. In particular, the leachability of non-ionised OMPs 

reduced over the 105-day curing period. These results may indicate that leachate production 

was not of great importance in relation to the OMPs’ leachability in lime-amended biosolids. 

It is hypothesised that the modifications in the leachability of OMPs could be closely related 

to the influence of elevated pH on the physicochemical properties of OMPs and DOM, in 

particular after 35 days of curing, given the modifications in the functional groups and 
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constituents of DOM (Section 7.3.2) and previous findings regarding the significant 

contribution of DOM to OMPs’ leachability. For example, the leachability of EE2 was 

shown to reduce with pH decreasing from neutral to environmental values due to the 

decrease in DOM-EE2 interaction as a result of alterations to the macromolecular 

conformations and properties of DOM (Comerton et al., 2009). It has also been reported 

that lime addition increases the leachability of NPX by reducing the hydrophobicity and 

modifying the electrostatic attraction between NPX and DOM in biosolids at high pH (Kun 

Wang et al., 2018). Further, the leachability of the selected OMPs is also thought to be 

related to the increase in levels of Ca concentration, as the concentration of Ca increased 

significantly from 339.3 to 7425.5 mg/L (Fig. 8.3) due to lime addition. Several previous 

studies have reported the impact of Ca on the leachability of OMPs in soil/biosolids-

amended soil through two opposite mechanisms, i.e. cation bridging between the 

negatively-charged DOM and OMPs to increase the OMPs’ leachability, and shielding of 

the negative electrostatic potential of DOM to reduce the OMPs’ leachability (Aquino et 

al., 2008; Higgins & Luthy, 2006). Investigations to examine the hypotheses regarding the 

influence of pH, DOM and Ca on the OMPs’ leachability in lime-amended biosolids are 

described in the following sections. 

No apparent trend was observed for the changes in the OMPs’ leachability in both sewage 

sludge and lime-amended biosolids with overburden pressure increasing from 115 kPa to 

225 kPa over 105 days. The influence of overburden pressure on the leachability of the 

OMPs was not as significant as that of lime amendment in biosolids. The findings relate to 

the fact that overburden pressure only physically modified the biosolids structure, as 

previously found in this chapter. Further discussion with respect to the influence of 

overburden pressure on the overall fate of the OMPs in the solid phase is presented in 

Section 7.3.5. 

7.3.4 Influence of pH, DOM and Ca on the Leachability of the OMPs 

To fully understand how lime amendment variously influences the leachability of the OMPs, 
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a series of batch experiments, which are advantageous for controlling pH values at 

equilibrium after a curing period, were carried out and the results are presented below. At 

the end of this section, a summary of the results of the batch experiments, as shown in Fig. 

7.11~7.16, is presented in Table 7.4. 

7.3.4.1 Influences of pH and DOM on the Recoveries of the OMPs  

Previous studies have reported non-covalent bonding can be formed between proteins and 

ligands, and that such complexation can reduce the signal intensity detected by LC/MS/MS 

compared to that of a control system (Bolbach, 2005; Loo, 2000). However, other work has 

indicated that the interactions between DOM and OMPs, e.g. BPA-DOM interaction, does 

not interfere with the detection and quantification of OMPs when DOM is at an 

environmentally-relevant concentration, i.e. 8 mg/L (Hernandez-Ruiz et al., 2012a). To 

achieve reliable and precise results on the OMPs’ leachability for further discussion, it was 

essential to find out if high DOM content influences the detection of the selected OMPs, as 

lime amendment greatly increased the DOM content in leachate over 105 days (Fig. 7.6b).  

This work investigated the recoveries and detection of the selected OMPs with the addition 

of low (8mg/L) to high (1000mg/L) levels of DOM at different pH. The results are 

presented in Table 7.2. The recoveries varied for the nine selected OMPs, with a median of 

70.2 ~ 78.3%, with the addition of different levels of DOM under different pH. The 

recoveries determined in this work followed the range reported in a previously published 

study, where recoveries of the same target OMPs ranged from 58% (SMX) to 100% (CBZ) 

in wastewater at pH 7.7 (Jelic et al., 2011b). Similarly, recoveries of OMPs were found in 

the range of 50 (DCF)~100% (CBZ), with a median of 75%, in drinking water at ambient 

pH (Padhye et al., 2014). A further study to determine 21 OMPs in wastewater reported 

mean recoveries of each OMP at 1.0µg/L were from 73.3 % to 104.6% in influent at pH 3 

to 7 (Li et al., 2009b). On the basis of such recoveries, it would seem that the OMPs studied 

here were well recovered and gave reproducible values for different concentration levels in 

wastewater. The variability associated with the quantification of OMPs has been reported 
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to reflect matrix effects from compounds that are co-extracted during sample processing, 

and which may result in suppression or enhancement of analyte responses by LC/MS 

(Kinney et al., 2006; Li et al., 2009b). The effects of matrix effects and process effects on 

the OMPs’ measurement were similarly described in Section 3.5.4 and 4.2.3, and could also 

be an important reason for not recovering 100% of the selected OMPs in this part of work.  

Considering the influence of DOM content on the selected OMPs’ recoveries under 

different pH, it was observed that detection of most of the OMPs was independent of DOM 

content at ambient and/or alkaline pH. However, some insignificant fluctuations were 

observed with increasing DOM levels under different pH. The results are similar to a 

previous finding that the impact of interaction between the OMPs and humic acid (1 mg/L) 

on the OMPs’ quantification could be ignored, since humic acid was barely retained on any 

of the SPE cartridges (Nakamura et al., 1996). Another study similarly reported that the 

recoveries of the studied OMPs showed no strong pH dependence for the same matrix type, 

i.e. wastewater (Li et al., 2009b). A comparable effect was also observed by Ruiz et al. 

(2013), who showed the LC/MS/MS recoveries of BPA and CBZ were slightly influenced 

in the presence of wastewater-derived and soil-derived DOM at environmental pH. The 

results of the current study could have indicated that modifications in the leachability due 

to lime addition were not closely correlated with the influence of increased DOM content 

(up to 1000 mg/L) or/and increased pH on the quantification of the OMPs. Although 

quantification of the nine OMPs was variously influenced by matrix effects and biosolids 

chemistry (e.g. DOM and pH) due to their different physicochemical properties, however, 

such influences were not strong enough to interfere with the detection and quantification 

of each individual analyte in biosolids leachate. These uncertainties were therefore not 

considered as significant factors in the changes in the OMPs’ leachability due to lime 

addition reported in the following sections.  
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Table 7.2. Recoveries of the selected OMPs with the addition of DOM (0~1000 mg/L) at 

pH 5.5, 8.5 and 10.5 

Recovery 

(%) 

DOM (mg/L) 

pH 5.5 pH 8.5 pH10.5 

0 8 80 1000 0 8 80 1000 0 8 80 1000 

DCF 62.2 62.0 61.9 61.6 65.3 58.0 58.6 61.6 62.8 68.0 67.3 61.1 

GFB 73.7 72.4 72.4 75.4 77.7 70.5 73.4 73.9 71.7 75.5 72.8 78.3 

SMX 83.1 82.0 88.9 85.3 85.3 80.6 79.6 80.6 83.9 82.5 82.5 84.2 

BPA 69.1 74.3 70.2 74.4 73.0 69.0 69.6 73.4 73.9 73.6 72.4 79.5 

EE2 82.4 81.5 82.1 85.0 86.9 76.9 79.4 80.9 84.5 87.0 86.2 84.8 

PMD 63.4 65.2 66.4 67.4 61.0 58.6 60.1 66.0 59.6 65.2 61.7 67.4 

CBZ 62.5 63.2 68.1 71.8 71.7 70.2 75.1 76.1 72.0 70.6 73.7 66.8 

PGT 71.5 66.6 70.4 67.8 74.7 67.6 62.3 64.1 72.3 74.7 68.5 72.8 

TST 87.3 91.9 89.8 88.6 92.7 80.0 85.5 87.2 85.7 87.9 83.6 94.4 

7.3.4.2 Influence of pH on the Leachability of the OMPs  

As the results derived from batch experiments shown in Fig. 7.11, the leachability of most 

of the selected OMPs was sensitive to pH changes, with various leaching behaviours seen 

with pH increasing from 5.0 to 11.4. For example, the leachability of GFB and SMX 

generally increased with pH increasing from 5.5 to 11.5. In the case of BPA, the leachability 

decreased, then stabilised over the pH range 7.5 to 11.5, after a short period of being quasi-

stable at pH 5.5~7.5. For CBZ and TST, leachability was higher at acidic to neutral pH than 

that at alkaline pH. The close correlation between pH and OMPs’ leachability was similarly 

reported in a published study, where the sorption of two quinolone pharmaceuticals in 

sediments varied in the range of 1 ~ 2 orders of magnitude with pH changing from 5.5 to 

12.0 (Hari et al., 2005). Similarly, sorption of three antimicrobial compounds to soil was 

also found to be strongly pH-dependent over the pH range 3.0~11.0 (ter Laak et al., 2006). 
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It should be noted that the leachability of DCF and PGT was observed to be less dependent 

on pH changes, in particular at pH of 5.0 ~ 9.5, compared to the other selected OMPs. This 

observation could have indicated that other factors may be also contributing to the changes 

in the leachability in addition to pH changes, as biosolids are an extremely complex matrix 

and many other processes could be going on in relation to the OMPs’ leachability. 

Table 7.3. Values of pKa and logKow/logD at pH 5~11 (reproduced from Table 2.1) 

OMPs pKa 
logKow logD 

pH 5~7 pH 8~11 pH 5~7 pH 8~11 

DCF 4.0 - - N/A N/A 

GFB 4.7 - - N/A N/A 

SMX 6.2 - - 0.7 0.2 

BPA 9.7 - - 5.0 4.0 

EE2 10.3 - - 4.8 3.5 

PMD 11.5 - - 2.1 2.9 

CBZ 13.9 2.7 2.7 - - 

PGT - 4.1 4.1 - - 

TST - 3.3 3.3 - - 

To help give a clear idea whether pH changes can fully explain the differences in the OMPs’ 

leachability between sewage sludge and lime-amended biosolids leachate, the OMPs’ 

leachability versus pH in each curing period is also plotted in Fig. 7.11. Plots of pH versus 

curing time, OMPs’ leaching rate versus curing time, and OMPs’ leachability versus curing 

time were presented in Fig. 7.6, Fig. 7.9 and Fig. 7.10, which are not reproduced here. The 

relationship between pH and leachability derived from the biorig and batch experiments 

was consistent for most of the OMPs, except for GFB and EE2, as shown in Fig. 7.11. For 

example, the leachability of DCF from day 3 to day 35 at pH above 10.3 was insignificantly 

altered by adding lime. The reduction in pH 9.8 on day 49 produced significantly higher 

leachability compared to that of sewage sludge, and this continued until the end of curing 

(Fig. 7.11). Similar findings were also reported in Chapter 6, suggesting pH is of pivotal 
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importance in relation to the modifications in the OMPs’ leachability in lime-amended 

biosolids by simultaneously altering OMP’ physicochemical properties (Table 7.3) and/or 

OMP-DOM interactions. 

As shown in the comprehensive literature review presented in Chapter 2, a wide range of 

published studies have also suggested that pH affects the leachability of ionised and 

variously-ionised OMPs by changing these OMPs’ hydrophobicity and speciation (Table 

7.3), as well as OMP-DOM interactions, while the impacts of pH on the leachability of 

non-ionised OMPs could be most likely result from changes in OMP-DOM interactions 

with changing pH. In particular, pH achieved nearly stable values after the first 28 and 42 

days of curing in sewage sludge and lime-amended biosolids leachate (Fig. 7.6). The 

leaching rate and leachability OMPs were observed to insignificantly change thereafter in 

lime-amended biosolids leachate, with the exception of BPA, EE2 and PMD (Fig. 7.9 and 

Fig. 7.10). The findings could have suggested that curing time is likely not the main reason 

for the changes in the OMPs’ leachability, and pH seems to be the factor most closely 

correlated with their leachability in this thesis.  

In the case of EE2 and GFB, the differences in their leachability between the two 

experiments were likely related to the high levels of Ca in the lime-amended biosolids 

leachate. A similar correlation between pH and the leachability of GFB was also found in 

Chapter 6, indicating the influences of pH may not fully explain the modifications in GFB’s 

leachability in lime-amended biosolids. This is because the pH was adjusted by adding HCl 

or NaOH to the experimental solutions in the batch experiments, as described in Appendix 

I.1. However, in the biorig experiment (Section 7.2.1), lime addition was likely the main 

reason for the leachate pH increasing to 11.3, by releasing hydroxide ions during the 

chemical reaction with biosolids. Different matrix chemistry could have been received from 

these two experiments, the levels of Ca concentration were likely one pronounced variable, 

and have been reported to correlate with OMPs’ leachability depending on the relative 

contribution of two opposite effects, as described in Section 2.4.4. The effects of Ca on the 
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leachability of GFB and EE2, as well as other selected OMPs, will be further discussed in 

Section 7.3.4.4. 

The changes in DOM constituents at pH ranging from 5.0 to 11.5 were investigated and the 

EEM spectra are presented in Fig. 7.12. With pH increasing from 5.5 to 11.5, the 

fluorescence peak shifted from EX/EM 325/375 nm (Region I, microbial by-products) to 

EX/EM 360/450 nm (Region IV, humic acid-like organics), indicating that the composition 

of DOM was altered in biosolids leachate. In particular, the fluorescence intensities of 

microbial byproducts reduced over pH 5.5~11.5, and the fluorescence intensities of humic 

substances increased over the pH range of 5.5 to 9.5, then reduced at pH 10.5 and 11.5. 

Similar changes in DOM, with regard to both composition and fluorescence intensities, 

were described in Section 7.3.3.2. 

With pH increasing from 5.5 to 9.5, the carboxylic and amide groups tended to deprotonate 

and started carrying negative charges, which may have prevented intra- and/or inter- 

molecular interactions due to electrostatic repulsion. As a result, microbial activity would 

be impacted as amide groups are of importance in the composition of microorganisms, 

which could explain the reduction in the intensities of microbial byproducts. The increase 

in the fluorescence intensities of humic acid-like organics could also be related to the 

reduced intensities of microbial byproducts, as some fractions of humic acid-like organics 

may be overlapped by the intensive microbial byproducts at relatively low pH (Tsutomu 

Ohno et al., 2007; Ohno & Bro, 2006). With pH further increasing to 11.5, aggressive 

deprotonation of phenolic groups may have occurred, which is likely to result in the reduced 

formation of intra- and/or inter- H-bonds in humic substances, and thus a decrease in the 

fluorescence intensities of humic acid-like organics.
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Figure 7.11. Leachability of a), b),c) d), e) and f) variously-ionised OMPs, and g), h) and i) non-ionised OMPs (batch experiment ( ), sewage 

sludge 115 kPa ( ) and 225 kPa ( ), lime-amended biosolids 115 kPa ( ) and 225 kPa ( )) 



Chapter 7 Lime Amendment and Overburden Pressures on OMPs’ Leachability  

201 

 

 

Figure 7.12. EEM contours of leachate collected over pH intervals of 5.5 to 11.5 
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The changes in the OMPs’ leachability at elevated pH could be closely related to the 

modifications in the DOM constituents, e.g. microbial byproducts and humic acid-like 

organics, in addition to the direct effects of pH on the physicochemical properties of the 

OMPs. The assumption is supported by the findings reported in Chapter 6, indicating 

changes in the DOM functional groups and composition are likely responsible for the 

modifications in the OMPs’ leachability through altering the hydrophobic interactions 

or/and specific interactions between DOM and OMP at high pH in lime-amended biosolids. 

A range of previous studies have similarly reported that OMPs can associate with DOM 

through hydrophobic interaction and/or other specific interactions, such as hydrogen 

bonding, π-π interactions and van der Waals interactions (Hernandez-Ruiz et al., 2012a; 

Navon et al., 2011). These interactions are particularly sensitive to pH changes due to 

modifications in the physicochemical properties of OMPs and DOM (Neale et al., 2009).  

It should be noted that the changes in the composition and structure of DOM constituents 

with increasing pH were not in good agreement with those observed in lime-amended 

biosolids (Fig. 7.7). This finding could have indicated that other factors, e.g. Ca, are likely 

affecting the DOM properties as well as elevated pH. This may further points to the 

correctness of the hypothesis that Ca influences the OMPs’ leachability along with elevated 

pH and DOM. The batch experiment results regarding the significance of DOM and Ca for 

the OMPs’ leachability under different pH are presented in the following sections. 

7.3.4.3 Influences of pH and DOM on the Leachability of the OMPs  

As shown in Fig. 7.13, the leachability of the OMPs increased with the addition of DOM, 

with the exception of GFB, BPA and PGT. However, the magnitude of the changes induced 

by DOM concentrations was insignificant for some OMPs. This is in agreement with the 

findings reported in Section 6.3.4.2, indicating that the concentrations of DOC were not 

well correlated with the leachability of the selected OMPs in biosolids. Similarly, it was 

found in a published study that the sorption of EE2 to soil was greatly reduced with the 
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addition of DOC extracted from a mixture of sewage sludge and manure, compared to soil, 

with the addition of DOC-free solution at environmental pH (Stumpe & Marschner, 2010). 

In particular, the study further reported that the addition of 25 and 50 mg/L of DOC 

similarly caused the sorption of EE2 to be none in the equilibrium system. The result could 

have suggested that the increase in the OMPs’ leachability with the addition of DOM at 

concentrations of 8 ~ 1000mg/L is more likely related to the physicochemical properties of 

DOM. In particular, the OMPs’ leachability responded differently to the addition of DOM 

at varying pH, with the exception of DCF and SMX. It was observed that high pH generally 

promoted an increase in the OMPs’ leachability with the addition of DOM, likely due to 

altering DOM-OMP interactions, which may provide evidence for the pivotal importance 

of the DOM properties to the OMPs’ leachability. A previous study indicated that the 

mobility of OMPs under wastewater irrigation not only requires an assessment of DOM 

levels, but more importantly the content of its hydrophobic fractions (Maoz & Chefetz, 

2010a). Mondifications in the physicochemical properties of the OMPs at different pH may 

also be attributed to the increase in the OMPs’ leachability at high pH. Previously, the 

sorption of PGT has been reported to be more significantly influenced by the presence of 

humic acid at pH 7 compared to EE2 and TST (Shen et al., 2012). This is because PGT 

contains two strong hydrogen acceptors, i.e. ketone groups, which can form strong 

hydrogen bonds in two positions, while EE2 and TST each contain only one ketone group 

(Neale et al., 2009).  

The results presented here with respect to the leachability of DCF, SMX, EE2 and PMD 

are consistent with the findings presented in Fig. 7.10. This consistency can support the 

proposed explanation that the increase in DOM content and modifications in the 

physicochemical properties of DOM constituents at high pH are likely responsible for 

changes in the OMPs’ leachability in lime-amended biosolids leachate. It was similarly 

reported in Chapter 6 that changes in the structure and constituents of DOM may be largely 

associated with modifications in the leachability of ionised and variously ionised OMPs, 
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such as NPX and TCS. However, in the case of GFB, BPA, CBZ, PGT and TST, changes 

in DOM properties at pH 5.0~11.4 do not fully explain the leachability found in lime-

amended biosolids (Fig. 7.10). This finding suggests that other factors, e.g. the presence of 

Ca and the direct influence of pH on OMPs’ physicochemical properties, could also have 

been responsible for the modifications in the leachability of the selected OMPs, alongside 

pH and DOM in lime-amended biosolids. EEM analysis was carried out in this part of work 

to provide further evidence of the proposed occurrences in the interaction between DOM 

and OMPs, as well as the impacts of pH on the interactions. The results are presented and 

discussed in the section below.
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Figure 7.13. Leachability of the OMPs without ( ) and with the addition of DOM (8mg/L DOM ( ), 80 mg/L ( ) and 1000 mg/L ( )) 
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As presented in Fig. 7.14, the DOM constituents shifted from microbial byproducts (Region 

V) to humic acid-like organics (Region IV) with pH increasing from 5.5 to 11.5, which is 

in agreement with the impacts of pH on the composition of DOM reported in the previous 

sections in this chapter. However, the fluorophores of the DOM constituents differed from 

those shown in Fig. 7.12, in particular at pH below 9.5. This could have indicated the 

composition of these DOM constituents had changed, since fluorophores are known to 

indicate the structure of the fluorescent DOM constituents (Li et al., 2014). In addition, 

relatively well-defined fluorophores of protein-like (Region I and II) and fulvic acid-like 

organics (Region III) were also observed at pH below 8.5, compared to the corresponding 

findings presented in Fig. 7.12. The inconsistences in the DOM constituents reflected in 

the EEM contours presented in Fig. 7.12 and Fig. 7.14 could be related to the higher level 

of OMP concentrations compared the experimental design described in Section 6.2.3 and 

Appendix I.2. The OMPs may have associated with DOM constituents, such as microbial 

byproducts and humic acid-like organics, to form DOM-OMP complexes through 

hydrophobic interactions and/or hydrogen bonding, thus likely increasing the molecular 

weight of DOM (Dalton et al., 2005). This may in turn have modified the composition of 

DOM constituents, as observed in Fig. 7.14. The proposed explanation could be supported 

by a previous study, reporting EE2 could interact with humic substances and microbial by-

product-like organics via π-π interaction/H-bonding and hydrophobic interaction at ambient 

pH (Yamamoto et al., 2003). With pH further increasing to 11.5, insignificant differences 

in the composition and structure of DOM constituents were observed between the DOM 

with and without the OMP-spiking. It seems that interactions between OMPs and DOM 

constituents may not be possible under such alkaline pH, possibly due to the aggressive 

dissociation and conformational changes in DOM, as described in the sections above. These 

findings could have indicated that the interactions occurring between DOM and OMPs, in 

particular microbial byproducts and humic substances, play an important role at pH below 

9.5. 
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Figure 7.14. EEM contours of OMPs spiked solution with and without DOM (1000 mg/L) 

over the pH range 5.5~11.5 (OM= background organic matter) 
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With further addition of DOM, the fluorophores and fluorescence intensities of all DOM 

constituents diminished. In particular, the fluorophores of aromatic protein-like (Region I 

and II) and fulvic acid-like organics (Region III) were almost absent compared to those for 

only background DOM in the presence of OMPs at pH below 8.5, as shown in Fig. 7.14. 

These changes in the DOM constituents may be related to the quenching effects of the 

OMPs through static or dynamic DOM-OMP interactions (Hernandez-Ruiz et al., 2012a). 

In the dynamic process, the quencher (OMPs) collides with the DOM fluorophores during 

the lifetime of the excited state, whereas static quenching is the result of ground state 

molecular interactions (Lakowicz, 1999). Previous studies have similarly reported that the 

DOM moieties undergoing the quenching effects are assumed to be directly involved in the 

interaction with OMPs, although such quenching effects cannot discern dynamic from static 

interaction (Hernandez Ruiz, 2011b; Sun et al., 2007). The results could have indicated that 

all the DOM constituents, in particular protein-like organics and fulvic acid-like organics, 

are likely involved in the interactions with the selected OMPs. In the case of microbial by-

product-like and humic acid-like organics, it was observed that the fractions with lower 

excitation wavelengths seemed to be heavily involved in the association with the OMPs. 

The assumption of the quenching effects of OMPs on DOM constituents is supported by 

several published studies reporting that the interactions between CBZ and humic substances, 

such as humic acid-like organics and fulvic acid-like organics, are likely responsible for the 

fluorescence quenching of landfill leachate DOM (Bai et al., 2008; Ruiz et al., 2013). 

Further, it has previously been reported that ibuprofen can produce significant quenching 

of all DOM constituents through hydrogen bonding and hydrophobic interactions at pH 7.4, 

although relatively insignificant quenching of protein-like and fulvic acid-like organics was 

observed (Ruiz et al., 2013). With pH further increasing to 11.5, almost no interaction 

between DOM and OMP could occur, since the DOM constituents, such as the phenolic 

groups in humic substances, are likely to be aggressively dissociated. As a result, the intra- 

and inter- molecular repulsion among humic molecules could be highly promoted, thus 

leading to a reduction in donating H-bonds and associating deprotonated OMPs 
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(Schlautman & Morgan, 1993; Sibley & Pedersen, 2007). Accordingly, similarities were 

observed in the EEM contours for DOM constituents with and without further DOM 

addition at pH 10.5 and 11.5. The results derived from the EEM contours could have 

suggested that both the content and properties of DOM likely contributed to interaction 

with OMPs. In particular, the interactions were more likely influenced by the chemistry of 

microbial byproducts, protein-like organics and humic substances at pH below 9.5.  

7.3.4.4 Influences of pH, DOM and Ca on the Leachability of the OMPs  

The findings for the effects of Ca, as well as the combined effects of Ca and DOM, on the 

OMPs’ leachability over the pH range 5.0 ~ 11.4, are presented in Fig. 7.15.  

In the presence of Ca, the leachability of DCF, GFB, CBZ and TST decreased, while the 

leachability of BPA increased, in particular at pH below 8.5. For PGT, the presence of Ca 

reduced the leachability at pH above 9.5, although enhanced effects on the leachability were 

observed at acidic to weakly neutral pH. In the case of SMX, EE2 and PMD, leachability 

was slightly changed in the presence of Ca. These observations could support the 

assumption that Ca may also be an important factor in relation to the OMPs’ leachability. 

In particular, the reduction in the leachability of GFB, CBZ and TST and increase in 

leachability of BPA observed in lime-amended biosolids leachate could have been 

interpreted as due to the combined impacts of Ca and DOM at high pH presented here. In 

addition, the relatively insignificant correlation between the leachability of SMX, EE2, 

PMD and the presence of Ca, as shown in Fig. 7.15, which is in agreement with the results 

shown in Fig. 7.13, further suggests that the influence of Ca on the OMP’s leachability 

varied with their various physicochemical properties. So far, only limited research work 

has been found on the influence of Ca on the OMPs’ leachability in soil or biosolids. Most 

of the published work has investigated the role of Ca in the DOM-OMP interaction, as 

described in Section 2.4.4. It was quite difficult make comparisons between the results of 

the current study and other results reported in previous work when writing this thesis. 

However, as the results observed in this part of the experiment are consistent with those 
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from previous sections in this chapter, these findings could be considered reliable and may 

provide useful information for future study. 

To further elucidate the role of Ca in influencing the OMPs’ leachability, experimental work 

with the purpose of comparing the impacts of Ca and Ca-DOM under different pH was also 

carried out and the results are presented in Fig. 7.15. It was found that the presence of Ca, 

but without DOM, insignificantly modified the OMPs’ leachability, with the exception of 

GFB, PMD and TST, with increasing pH, compared to Ca-DOM. This finding could have 

suggested the impacts of Ca on the OMPs’ leachability are more likely correlated with 

modifications of DOM-OMP interactions at various pH. There are further indications that 

all the relevant parameters studied in this thesis, i.e. OMPs physicochemical properties, pH, 

DOM and Ca, may work as a system in relation to modification of the OMPs’ leachability 

in biosolids after lime amendment.  

The presence of Ca would influence the OMPs’ leachability, as described above, by 

impacting the DOM-OMP interactions through two opposite mechanisms: (i) serving as a 

cation bridge to allow the negatively-charged OMPs and DOM associate; and (ii) shielding 

the negative ions contained in DOM constituents to reduce DOM’s capability for 

interacting with OMPs (Aquino et al., 2008; Higgins & Luthy, 2006; Hyun & Lee, 2005). 

It has been similarly reported that the effects of Ca on the OMPs’ leachability are dependent 

on the relative contribution of these two opposing effects (Cho et al., 2011; Zhang et al., 

2010). In this part of work, it seemed likely that way (i) played a more important role in 

increasing the leachability of BPA, while the influence of Ca on the leachability of DCF, 

GFB, CBZ and TST was probably attributable to the dominance of way (ii). In the case of 

PGT, the contribution of way (i) and way (ii) could be related to pH, which may have 

resulted in the changes in leachability of PGT presented in Fig. 7.15. Way (i) and way (ii) 

may also have contributed equally to the effects of Ca on the leachability of SMX, EE2 and 

PMD over pH 5.0 ~ 11.4.  
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Figure 7.15. Leachability of the OMPs (without the presence of Ca but with DOM addition ( ), with the presence Ca and DOM addition ( ), and 

with the presence of Ca ( )) 
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Figure.7.16. EEM contours of OMPs spiked solution with the presence of Ca, the presence 

of Ca and DOM, and the presence of DOM over the pH range 5.5~11.5 (DOM 

concentration is 1000 mg/L)  
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EEM analysis was also carried out with the aim of revealing the impact of Ca on DOM 

structure and composition at various pH, and to provide evidence to support the proposed 

explanation for the Ca effects outlined above. 

In the presence of both Ca and DOM, DOM constituents were composed of microbial 

byproducts (Region V) and aromatic protein-like organic substances (Region I and II) over 

the pH range 5.0 ~ 11.4 (Fig. 7.16). The fluorescence intensities of these DOM components 

were much higher in comparison to the DOM constituents without the presence of Ca (Fig. 

7.14). These results are in agreement with a previous finding that the florescence intensities 

of tryptophan & protein-like organics increased in the presence of Ca at neutral pH (Zhang 

et al., 2017). In particular, the DOM components and the fluorescence intensities varied 

slightly with changing pH, although fluctuations were observed, such as at pH 8.5. Humic 

substances (Region III and IV) could also be observed but their fluorescence intensities 

were not as high as those for the microbial by-product-like and aromatic protein-like 

organics. Additionally, it was observed that the background DOM in the presence of Ca 

was closely similar to that of the DOM with the introduction of both DOM and Ca over the 

pH intervals of 5.0 ~ 11.4 (Fig. 7.16), in particular at pH above 7.5. These results could 

have further suggested that the presence of Ca may prevent the structure and composition 

of DOM constituents from being modified with increasing pH (pH > 7.5). This is in line 

with the finding from Li and Elimelech (2004), who reported that pH (4.8 ~ 11) showed 

very little effect on breakup or/and conformational changes of natural organic matter in the 

presence of Ca due to the strong aggregation of organic constituents through electrostatic 

interaction.  

The impacts of Ca on the DOM constituents may be related to the formation of DOM-Ca-

OMP complexes through cation bridging. For example, Ca is known to bridge the 

negatively charged carboxyl of ibuprofen and fulvic acid-like at pH 7.4 (Hernandez-Ruiz 

et al., 2012a). The proposed explanation could be also supported by a previous finding that 

cation bridging can occur between carboxylated contaminants and deprotonated carboxylic 
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groups contained in DOM, particularly at ambient pH (Aquino et al., 2011). Neutralisation 

of the negative charges of DOM in the presence of Ca, therefore effectively reducing the 

negative charge of DOM constituents, is another possible explanation for the mediations in 

DOM structural and compositional properties presented in Fig. 7.16 (Ahn et al., 2008; Li 

& Elimelech, 2004). Previously, Ca and Mg have been found to be strongly coordinated to 

the DOM carboxylated groups due to their positive charges. In particular, the carboxylate 

groups showed greater change when interacting with Ca compared to Mg, due to the loose 

second hydration shell structure of Ca (Kalinichev & Kirkpatrick, 2007). The modifications 

in the DOM constituents could also be related to the formation of metal-DOM complexes 

without involving OMPs, since Ca is widely reported to form inter- and/or intra- molecular 

complexes with humic substances at pH 3 ~ 9 (Levchuk et al., 2018; Li & Elimelech, 2004). 

With further increases in pH up to 11.4, almost all the carboxylic and phenolic groups in 

the DOM constituents, as well as the ionised and variously ionised OMPs, were likely 

aggressively deprotonated, as the presence of Ca may not have been enough to bridge all 

the negative charges to form complexes or neutralise all the negatively-charged functional 

groups. In particular, Ca has previously been found to predominantly form complexes with 

carboxylic groups in humic substances (Li & Elimelech, 2004). However, there was no 

direct evidence supporting the proposed explanation for the modifications in the chemistry 

of DOM constituents in the presence of Ca and OMPs. Particularly, it is difficult to discern 

the cation bridges forming complexes from neutralising the negative ions in DOM during 

the modification process on the OMP-DOM interactions, as the EEM contours may not 

fully reveal the composition and structure of DOM constituents, such as organic 

components with relatively low fluorescence intensities. Other advanced techniques, such 

as PARAFAC analysis, may be required to provide stronger evidence to better interpret the 

correlation between the presence of Ca and OMP-DOM interactions at different pH in lime-

amended leachate.  

As described in previous sections of this thesis, biosolids are an extremely complex system 
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and so none of the parameters may function independently. The results presented in this 

chapter combined with the findings of the previous chapters clearly indicate that 

investigation of the effects of lime amendment on the OMPs’ leachability should consider 

biosolids as a whole system, rather than separating the matrix into individual factors. 

Subsequently, studying the leachability of OMPs in lime-amended biosolids may be an 

even more difficult task than initially expected. However, this work is essential in practical 

terms, as lime amendment does increase the leachability of some OMPs and the effects may 

be irreversible for very long period. Future work may need to focus on the leachability of 

a few OMPs with high occurrence in biosolids, based on the results observed in this thesis, 

as the leachability of the OMPs varies with their physicochemical properties. In the next 

section, one OMP, i.e. CBZ, was chosen for further investigation to better understand its 

leachability and leaching behaviours, as well as draw specific conclusions for this 

compound.   
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Table 7.4. Summary of the results regarding the influence of pH, DOM and Ca on the leachability of the OMPs from the batch experiments 

OMPs Lime amendment1 
pH effects pH and DOM effects pH, DOM and Ca effects Recovery 

(%)4 Change2 Specific pH3 Change Interaction Change Relationship 

Ionised 

OMPs 

DCF 
 

 9.5  
Protein-like organics 

and humic substances 

 
shield the negative ions 58.0~68.0 

GFB   5.5~11.5  No influences  shield the negative ions 70.5~78.3 

SMX   9.5  
Protein-like organics 

and humic substances 
 no influences/two opposite 

influences are equal 
79.6~88.9 

Variously 

ionised 

BPA   7.5, 9.5  No influences  Cation–bridge5 69.0~79.5 

EE2   6.5  
Protein-like organics 

and humic substances 

 
no influences/two opposite 

influences are equal 
76.9~87.0 

PMD   10.5   no influences/two opposite 

influences are equal 
58.6~67.4 

Non-ionised 

CBZ   7.5  

Microbial by-products, 

protein-like organics 

and humic substances 

 shield the negative ions 62.5~73.7 

PGT  N/A 5.5~11.5  No influences 
 shield the negative ions 

and cation bridge 
62.3~74.7 

TST   7.5  

Microbial by-products, 

protein-like organics 

and humic substances 

 shield the negative ions 80.5~94.4 

 1 The changes in the leachability of the OMPs in lime-amended biosolids;  2, the changes in the leachability; 3, the corresponding specific pH for the changes in the leachability 

over pH; 4, recovery of the OMPs with the addition of DOM (0, 8, 80 and 1000 mg/L) over the pH range 5.0~11.4; 5, Ca serves as the cation bridge between the negatively 

charged OMPs and DOM; 6, increase; 7, substantial increase after lime amendment. 

6 

7 
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7.3.4.5 Influence of DOM Source on the Leachability of CBZ  

As described previously, the results for the leachability of OMPs in lime-amended biosolids 

derived from this study are not completely consistent with previous work on the mobility 

of OMPs in soil. Given the differences in the charge and structural chemistry of the organic 

matter in biosolids and soil, it was anticipated that the sources and structure of DOM would 

be largely associated with these differences.  

In this part of the work, CBZ was chosen as the model compound. The reasons for this 

choice were specified in the beginning of this chapter in Section 7.1. At the end of this 

section, a summary of results with respect to the influence of DOM and DOM(N) on the 

leachability of CBZ, as shown in Fig. 7.19 ~ 7.25, is presented in Table 7.6. 

 

Figure 7.17. EEM contours and non-negativity-constrained one-component PARAFAC 

models of DOM and DOM(N)  

At the same concentrations, the constituents of DOM and DOM(N) at environmental pH 

consisted of microbial byproducts (Region I), aromatic protein-like organics (Region II), 
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and humic acid-like organics (Region IV) (Fig. 7.17). Fulvic acid-like organic components 

(Region III) were also observed in both DOM and DOM(N) due to their solubility at any pH. 

PARAFAC analysis further revealed the main organic substances contained in DOM and 

DOM(N) were microbial byproducts (EX/EM 290/385) and humic substances (EX/EM 250, 

300/450) (Andersen & Bro, 2003; Murphy et al., 2011). 

 

Figure 7.18. Molecular weight distribution of DOM and DOM(N) 

The components contained in DOM(N) were observed to have molecular weight in the range 

of 10 ~ 100 kDa, with a single peak indicating that DOM(N) is mostly likely to be 

homogeneous. The molecular weight of a large fraction of DOM components ranged from 

1 to 10 kDa. Some components with a large molecular weight of 100~1000 kDa were also 

found, suggesting DOM could be much more heterogeneous than DOM(N). The molecular 

weight distribution of DOM showed a relatively low UV response compared to that of 

DOM(N), which could indicate that the DOM contained polysaccharides or protein materials. 

A much higher UV response was observed for the DOM(N), suggesting it could mainly 

contain humic-like substances with benzene or π-bonded structures, or protein-like organics 

containing benzene rings with conjugated double bonds (Feng et al., 2015; Radjenović et 

al., 2009). The physiochemical properties of the DOM and DOM(N), which were derived 

from biosolids organic matter and natural soil organic matter, were consistent with their 
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origins and the findings reported in published studies (Chen et al., 2003; Hernandez Ruiz, 

2011b; Wu et al., 2011).  

In the presence of DOM(N), the leachability of CBZ increased over the pH interval of 5.0 ~ 

11.4. With the addition of DOM, the leachability of CBZ remained nearly stable at pH 

below 8.0, then increased in the pH range of 8.5 ~ 11.4. In the control, the leachability of 

CBZ presented a decreasing trend over the pH range of 5.0 ~ 11.4. The addition of DOM 

and DOM(N) substantially enhanced the leachability of CBZ over the pH range of 5.0 ~ 11.4, 

compared to the control without the addition of DOM (Fig. 7.19). With the addition of 

DOM at pH below 8.0, the increase in the leachability of CBZ was more significant 

compared to the addition of DOM(N). With pH increasing to 11.4, the effects of DOM and 

DOM(N) on the leachability of CBZ were similar.  

It should be noted that the leachability of CBZ presented here differs from that observed in 

Fig. 7.10, Fig. 7.13 and Fig. 7.15, showing a decreasing trend with increasing pH. This 

could be related to differences in the OMP standards employed in the experiments, i.e. CBZ 

standard was used in this part of experiment, while a mixed standard solution containing 

all the selected OMPs was used in the experiments from which Fig. 7.10, Fig. 7.13 and Fig. 

7.15 are derived. This finding could suggest that ‘competition’ may exist among the OMPs 

contained in biosolids to leach out of biosolids solid phase to leachate, and CBZ may not 

be as efficient as other OMPs in interacting with DOM when the CBZ is at a comparative 

level with other OMPs in biosolids. This statement could be supported by a previous finding 

that CBZ exhibited a lower capacity to interact with the hydrophobic neutral fractions of 

wastewater-derived DOM than NPX at pH 4 and 8 (Maoz & Chefetz, 2010a). This finding 

was assumed to be related to the structures of NPX and CBZ. Specifically, the structure of 

the naphthalene moiety of NPX is planar, whereas the two benzene rings in the CBZ 

structure are nonplanar. The relatively much lower leachability of CBZ presented in this 

chapter compared to the other selected OMPs would also seem to support the assumption. 

Similarly, higher sorption to soil for CBZ compared to NPX and DCF has previously been 
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reported due to its physicochemical properties at pH 7.4 (Chefetz et al., 2008). Another 

previous study similarly reported that the concentration of CBZ was much lower than for 

DCF, NP and BPA in the soluble phase of a sorption column experiment after irrigation of 

soil by wastewater at pH 6.6~8.6 (Gibson et al., 2010). Other factors, such as the 

uncertainties caused by matrix effects and process effects may also be responsible for the 

inconsistencies in the leachability of CBZ observed in this section and in previous sections 

in this chapter. Future work may worthwhile to be carried out to better explain such 

observations. 

 

Figure 7.19. The leachability of CBZ with the addition of DOM(N) ( ) and DOM ( ) and 

control ( ) over the pH range 5.0~11.4 

The different impacts of DOM and DOM(N) on the CBZ leachability at pH below 8.5 are 

hypothesised as attributable to the contribution of different organic constituents contained 

in DOM/DOM(N) associating with CBZ. This proposed explanation is supported by the 

suggestion that the changes in the leachability of CBZ are closely related to the interactions 

between CBZ and DOM constituents at different pH, as described in Chapter 6 and previous 

sections in this chapter. It has been similarly reported that hydrophobic interaction or/and 

hydrogen bonding between DOM fractions and CBZ seemed to be responsible for 

desorption of CBZ from soil at environmental pH (Navon et al., 2011). Furthermore, in 
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another study the sorption of CBZ to soil was impacted by the presence of DOM(N), which 

was attributed to the association of CBZ with the fractions of more hydrophilic acids and/or 

other soluble organic compounds (e.g. proteins and carbohydrates, etc.) (Bui & Choi, 2010). 

To gather further evidence supporting this interpretation, EEM and PARAFAC analysis of 

DOM/DOM(N) were carried out. The results and discussion are presented below.  

As presented in Fig. 7.20, it was observed that CBZ may have interacted with microbial 

byproducts and humic acid-like organics in DOM. This finding could be supported by the 

modifications in the fluorescence intensities and structure of these DOM constituents when 

the EEM spectra of DOM and DOM combined with CBZ were compared (Fig. 7.20). In 

particular, more pronounced modifications were observed for the fluorescent properties of 

microbial byproducts than humic substances at pH below 8.5, while the structure of humic 

substances showed more changes with pH increasing to 11.5. These observations could 

have suggested that CBZ may tend to interact with microbial by-product-like organics at 

pH below 8.5, while humic substances seem to be largely responsible for the DOM-CBZ 

interactions at pH 9.5~11.5. This proposed explanation is supported by a previous finding 

indicating that a preponderance of hydrophobic interaction can be attributed to the 

interactions of CBZ and hydrophilic DOM fractions containing mainly amino acids and 

polysaccharides, while hydrogen bonding and/or π-π interactions are likely to play the 

major role in the interactions of CBZ and hydrophobic acid DOM fractions, such as humic 

substances, at pH 8 and 4 respectively (Maoz & Chefetz, 2010a). The increase in pH may 

also correlate with modifications in the structure and composition of DOM constituents, as 

has been clearly stated in previous sections of this chapter. The design and purpose of this 

experiment, as well as the differences in the EEM contours of DOM constituents with and 

without the presence of CBZ presented in Fig. 7.20, would seem to confirm that the 

interaction of CBZ and humic substances occurred, and that this interaction may be an 

important reason for the differences in DOM over pH 5.0 ~ 11.4.  
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Figure 7.20. EEM contours of DOM and DOM+CBZ over the pH range 5.5~11.5 
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PARAFAC analysis is able to reflect more than the underlying fluorophores of DOM 

constituents, possibly providing further evidence to reveal the interaction of DOM and CBZ. 

In this part of work, PARAFAC analysis was carried out to model a suite of complex EEM 

landscapes into chemically meaningful spectral and concentration components. PARAFAC 

models with 2 ~ 7 components were computed, and the core-consistency diagnostic scores 

and variances in the data set assessed. The core-consistency diagnostic score for the two-

component model was 95 ~ 97%, thus explaining > 97% of the EEM data variability. The 

two-component model was therefore selected as the appropriate PARAFAC model to 

describe the data set, as shown in Fig. 7.21 and 7.22. The organic constituents of DOM and 

DOM in the presence of CBZ determined through the two-component PARAFAC model 

are summarised in Table 7.5. 

Considering DOM only, the DOM constituents shifted from microbial byproducts 

(Component 1) and protein-like organics (Component 2) at pH 5.5 to microbial byproducts 

and humic substances (Component 2) at pH 6.5~11.5. It should be noted that component 2 

has been attributed to aromatic protein like-organics or unknown substances at pH 11.5 

(Hunt & Ohno, 2007). In particular, the excitation wavenumber of component 1 shifted to 

higher values with increasing pH, likely suggesting changes in the composition of the 

microbial byproducts. These results are in agreement with the changes in the DOM 

properties observed in EEM contours, particularly, the suspected unknown materials 

occurred at pH 11.5 may have supported the previous assumption of conformational or/and 

compositional changes in DOM constituents due to aggressive deprotonation of DOM 

functional groups.   

In the case of DOM with the presence of CBZ (Fig. 7.22), the DOM constituents consisted 

of microbial byproducts and protein-like organics at pH of 5.5 ~ 7.5. With pH increasing 

from 8.5 to 11.5, the protein-like organics and humic substances were largely composed of 

DOM. It should be noted that the excitation and emission wavenumbers, ascribed to soluble 

microbial by-product-like organic materials, varied from pH 5.5 to pH 7.5. For the protein-
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like organics, the composition shifted from protein-like containing tryptophan and tyrosine 

organics to tryptophan-like organics with pH increasing from 5.5 to 7.5. For the humic 

substances, the excitation wavenumbers showed one well-defined peak at pH 8.5, and two 

peaks with pH increasing to 11.5, with the emission wavenumbers remaining nearly stable. 

These observations regarding changes in excitation and emission wavenumbers could 

suggest that the DOM constituents changed with changing pH, which is in good agreement 

with the impacts of pH on DOM properties presented in Section 7.3.4.2 ~ 7.3.4.4. 

Compared to the constituents comprising DOM, the emission wavelength for soluble 

microbial byproducts shifted to a lower number at pH below 8.5, which may have been due 

to CBZ bonding to microbial byproducts. The proposed explanation for interaction between 

CBZ and microbial byproducts is supported by previous findings that CBZ correlates well 

with changes in the fluorescence of DOM components of microbial byproducts and humic 

like-organics, making them a useful indicator to monitor the behaviours of CBZ in 

wastewater (Massimiliano Sgroi et al., 2017; Sgroi et al., 2017). Another difference 

between DOM with and without CBZ present relates to the composition of the protein-like 

organics, showing protein-like organics containing tyrosine & tryptophan were evident in 

DOM, while only tryptophan-like organics were seen in DOM combined with CBZ. This 

could be due to CBZ possibly quenching the fluorescence signals of proteinaceous organics, 

with the exception of tryptophan-like organics. The reappearance of the two components 

observed for DOM at pH 11.5 further substantiated the interaction between CBZ and DOM, 

since DOM-CBZ bonding has been reported not to be as sensitive to aggressive pH changes 

as humic substances (Liu et al., 2014). Additionally, it should be noted that the excitation 

wavelengths and spectral loadings for the organic components were slightly different in the 

DOM with and without CBZ, which was probably related to the instability of the instrument. 

Analysed by use of EEM-PARAFAC analysis, CBZ in the presence of DOM was likely to 

associate with microbial byproducts and protein-like organic components, alongside humic 

substances, at pH below 8.5, while interacting with humic substances with pH increasing 

to 11.5.  
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Figure 7.21. Excitation and emission spectral loadings of the non-negativity-constrained two-component PARAFAC model of DOM 
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Figure 7.22. Excitation and emission spectral loadings of the non-negativity-constrained two-component PARAFAC model of DOM+CBZ 
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Table 7.51. Corresponding organic constituents in DOM, DOM+CBZ and DOM(N)+CBZ at pH 5.5~11.5 derived from a two-component 

PARAFAC model  

PARAFAC 

Analysis 

2Component 1 (EX/EM 255~309/326~365) over pH 
Component 2 (EX/EM (220~246, 303~324)/329~437) 3or (EX/EM 

279~291/332~371)4 over pH 

5.5 6.5 7.5 8.5 9.5 10.5 11.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 

DOM 
protein-like organics 

containing tryptophan 

protein-like organics containing 

tryptophan 

Tryptophan-

like organics 
microbial byproducts Humic substances 

Aromatic 

protein-like 

organics or 

unknown 

substance 

DOM+CBZ Microbial byproducts 
Tryptophan-like 

organics 
Tryptophan-like organics 

protein-like organics 

containing tryptophan 

Microbial 

by-

products 

Humic substances 

DOM(N)+CBZ 
protein-like organics 

containing tryptophan 
protein-like organics containing tryptophan microbial byproducts Humic substances 

1 The identification of the corresponding components refers to work by (Andersen & Bro, 2003; Hunt & Ohno, 2007) 
2 The excitation and emission wavelength varied over pH 5.5~11.5, the wavelength shown in the table is the range at different pH; 
3 Two excitation peaks are observed, corresponding to humic acid-like organics and fulvic acid-like organics, respectively. 
4 No corresponding organic substances are found in the existing literature. 
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In the case of the EEM contours of DOM(N) in the presence of CBZ, humic substances, in 

particular humic acid-like organics, were the main organic constituents, although 

proteinaceous constituents were present as well (Fig. 7.23). The small amount of protein-

like components in DOM(N) were not likely to significantly associate with CBZ, which 

could have led to the assumption that CBZ mainly associated with humic substances in 

DOM(N) at pH 5.0 ~ 11.4. PARAFAC analysis was performed to further reveal the 

interaction between CBZ and DOM(N) constituents (Fig. 7.24). The correct component 

number for the data set was primarily determined by the core consistency diagnostic score, 

which was 91~95% for the two-component model. The correct component number was also 

substantiated by the overall appearance of the model, which showed low residuals and 

meaningful components. Accordingly, the two-component PARAFAC model explains 

97~99.9% of the variability in the data set. The components contained in DOM(N) were 

mainly protein-like containing tryptophan organics and humic-like materials when CBZ 

was present (Table 7.5). The findings could further suggest humic substances were 

responsible for the interaction between DOM(N) and CBZ over the pH range 6.5 ~ 11.5.  

The findings from both EEM and PARAFAC analysis seem to provide direct evidence to 

support the hypothesis that diversities in the organic constituents of DOM and DOM(N) are 

likely to be responsible for the difference in the leachability of CBZ at pH below 8.5. For 

DOM, microbial byproducts and protein-like organics were likely the organic constituents 

associating with CBZ at pH below 8.5. With pH increasing to 11.4, the DOM-CBZ 

interaction could be largely attributed to humic substances and CBZ. In the case of the 

correlation between DOM(N) and the leachability of CBZ, interaction was found to occur 

between CBZ and humic substances at pH 5.0 ~ 11.4. These findings could suggest that 

PARAFAC analysis is a useful tool for providing more direct and robust evidence for 

investigating the DOM-OMP interaction, which is of pivotal importance to elucidate the 

modifications in the OMPs’ leachability in biosolids due to lime amendment.    
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Figure 7.23. DOM(N) quenching by CBZ, represented by different EEM at pH from 5.5 to 11.5
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Figure 7.24. Spectral loadings of the non-negativity-constrained two-component PARAFAC model of DOM(N)+CBZ 
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The molecular weight of DOM has been reported as potentially affecting the binding 

behaviour between OMPs and DOM fractions (Feng et al., 2015), as molecular weight is a 

good indicator of changes in DOM components (Ding et al., 2011; Leehneer & Croué, 

2003). In this work, molecular weight distribution was investigated as possible further 

evidence for the interaction of CBZ and DOM/DOM(N), as shown in Fig. 7.25. 

 

Figure 7.25. Molecular distributions of DOM/DOM(N)+CBZ samples by HP-SEC over the 

pH range of 5.5~11.5 

In the presence of CBZ, DOM contained a large portion of constituents with medium 

molecular weights in the range 1 ~ 10 kDa, as well as organic substances with molecular 

weights below 1 kDa and above 10 kDa. The results are consistent with the molecular 

distribution described in Fig. 7.18, which could suggest that the DOM consisted of both 
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hydrophobic and hydrophilic components. Importantly, the two peaks corresponding to the 

molecular weights of 9.9 and 17.1 kDa in the molecular weight distribution for DOM alone 

(Fig. 7.18) decomposed into four peaks with significant increases in the UV response, 

which has been associated with polysaccharides and protein-like organic substances (Cuss 

& Guéguen, 2015), in the presence of CBZ at pH 8.5. This observation of new components 

with relatively large molecular weight suggests that CBZ-DOM complexes may have 

formed. The findings from the EEM combined PARAFAC analysis support the proposed 

statement, as they show that CBZ may have interacted with microbial by-product-like and 

protein-like organic components at weakly neutral pH. It is worth noting that the 

decomposing modifications in the DOM components significantly reduced at pH above 9.5, 

indicating other types of CBZ-DOM complexes may have formed (Fig. 7.25). 

In the case of DOM(N) and CBZ (Fig. 7.25), the changes in the molecular weight distribution 

observed in DOM and CBZ were not found over the pH range of 5.5 ~ 8.5. The DOM(N) 

components were observed to be composed of organic substances with the molecular 

weight above 10 kDa and high detector response, which can be ascribed to humic 

substances (Feng et al., 2015). Both the peak intensities and molecular weight distribution 

of humic substances changed as a function of pH (5.5 ~ 11.5), suggesting that humic 

substances may be largely responsible for the association of CBZ and DOM(N).  

Table 7.6. Summary of the results for the influence of DOM and DOM(N) on the leachability 

of CBZ  

Leachability 

pH 

DOM DOM(N) 

Change1 Constituents 
MW 

(kDa) 
Change Constituents 

MW 

(kDa) 

5.0~8.5  

Microbial by 

products and 

humic 

substances 

1~10 and 

100~1000 
 

Humic 

substances 
100~1000 

8.5~11.4  
humic 

substances 
100~1000  

Humic 

substances 
100~1000 

1 The changes in the leachability of CBZ; 2 quite stable with a small increasing trend; 3 increasing trend. 

3 
2 
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7.3.5 Transformation of the OMPs in Biosolids after 105 days 

A quantity of OMPs remained, but they could be extracted by the method described in the 

Section 3.5, in the solid phase of biosolids, i.e. extractable fractions, was determined after 

105 days of curing, as presented in Fig. 7.26 and Table 7.7. In addition, the OMPs’ 

leachability and other fractions of the OMPs after 105 days are also presented in Table 7.7, 

in order to better understand the fate of the OMPs in biosolids. 

The concentrations of extractable SMX, ERY, CBZ, NPX, EE2, PMD, TST and 4-OP were 

higher in the sewage sludge than in the lime-amended biosolids. For BPA and DCF, the 

concentrations of their extractable forms increased in biosolids after lime amendment. 

Insignificant differences were found for the other selected OMPs in sewage sludge and 

lime-amended biosolids. Considering the nine selected OMPs in this chapter, it was found 

that the extractable fractions of SMX, CBZ and PGT likely largely contributed the total 

amount of these OMPs contained in sewage sludge. After lime amendment, BPA replaced 

CBZ to become one of the OMPs predominantly composed of extractable fractions, in 

addition to SMX and PGT, after 105 days. These results could have indicated that lime 

amendment may reduce the potential availability of some OMPs to enter the environment 

by decreasing their extractable fractions. However, the impacts of lime amendment seemed 

to be limited essentially changing the extractable fractions of the OMPs in biosolids.  

In sewage sludge, the ratio of extractable SMX, CBZ and PGT after 105 days to their initial 

quantity was above 100%, as shown in Table 7.7. This may relate to the incomplete 

microbial degradation of SMX, CBZ and PGT, with the result their metabolites or 

biodegradation byproducts interfered the LC/MS detection of the parent OMPs (Celiz et al., 

2009; Miao et al., 2005). The occurrence of microbial activity would seem to be confirmed 

by the observed changes in the functional groups, and structure and composition of DOM 

constituents, as described in Section 7.3.2. It has previously been reported that microbial 

degradation of CBZ produces five degradation intermediates, and the some of these 

intermediates appear to be relatively recalcitrant to further degradation in soil (Li et al., 



Chapter 7 Influences of 20% of Lime Amendment and Overburden Pressures on OMPs 

234 

 

2013). Similarly, negative removal of macrolide clarithromycin, atorvastatin and CBZ was 

reported in a wastewater treatment process as possibly due to the formation of their 

metabolism and/or transformation products (Jelic et al., 2011b). Another explanation could 

relate to the formation of metabolites or/and derivates of other compounds also contained 

in biosolids (Göbel et al., 2007). This also seems a reasonable assumption, as metabolites 

or/and derivates of the selected OMPs are well-known. For example a study in aged soils 

found PGT present at levels much higher than could be accounted for by antecedent levels 

of TST due to the microbial conversation of sterols over time (Jenkins et al., 2003; Mansell 

et al., 2011). Further, it has been found that an increase in the concentration of E1 could be 

associated with the fact the they may be generated microbially from αE1 in manure (Yang 

et al., 2012). These results could have suggested that the occurrence of metabolites and 

transformation intermediates should be considered and included in future studies to obtain 

accurate information on determination and fate of OMPs in biosolids over long periods. 

In lime-amended biosolids, the modifications found in the extractable OMPs may be related 

to the inhibition of microbial degradation of the OMPs. As presented in Table 7.8, the 

leachate production contributed approximately 95.4% of the reduction in the weight of the 

lime-amended biosolids after 105 days, while 23.2% of other transformations in addition 

to leachate production contributed to the weight loss of sewage sludge. Along with the 

transformation of organic matter presented in Fig. 7.7 and 7.8, these results suggest 20% 

lime amendment completely suppressed microbial activities after 105 days. Another 

possibility relates to changes in the physicochemical properties of the OMPs and lime-

amended biosolids, which caused the OMPs to leach out and/or transform to non-

extractable forms through binding to humic substances in the solid phase, as described in 

Section 6.3.8. It should be noted that the presence of non-extractable fractions may also be 

related to the interaction of the OMPs with inorganic matter (e.g. CaCO3). This likely 

explains the differences in the fates of some OMPs, e.g. CBZ and PGT, in lime-amended 

biosolids under 115 and 225 kPa, as shown in Table 7.7. Pils and Laird (2007) similarly 
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reported biosolids inorganic matter also played an important role in the transformation of 

OMPs, although it should be remembered that the quantity of inorganic matter in biosolids 

is less than 10%. 

With increasing overburden pressure, the extractable fractions of SMX and PMD reduced, 

while they increased for CBZ, GFB, and PGT, and remained nearly the same for the other 

OMPs after 105 days in the solid phase of sewage sludge. In the case of lime-amended 

biosolids, higher overburden pressure similarly influenced the extractable fractions of the 

OMPs by reducing them for SMX, CBZ, and PGT, increasing them for GFB, BPA and PGT, 

with insignificant differences shown for EE2, DCF and TST, after 105 days of curing. 

Overall, the impacts of overburden pressure on the extractable fractions of the OMPs were 

not as significant as for lime amendment. These results are consistent with the results for 

the OMPs’ leachability and DOM properties under high overburden pressure, as presented 

in previously in this chapter. They further support the proposed conclusion that overburden 

pressures are more likely to physically affect the properties of biosolids.  

In addition, uncertainties in the measurement of the OMPs induced by matrix effects and 

process effects is another possible reason for the changes in the extractable fractions of the 

selected OMPs in biosolids, as described in Section 5.3.3.3 and 6.3.8. For example, the 

values of recovery, LOD and LOQ of EE2 were respectively 34.6%, 52.1ng/kg and 

157.8ng/kg in biosolids solid phase. Unsatisfactory recovery and measurement methods 

may be responsible for the low concentration of EE2 determined in biosolids after 105 days. 

Further studies are needed to better understand the contribution of uncertainties in 

measurement methods to the changes in the OMPs’ extractable fractions over time and 

following amendment.   
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Figure 7.26. Concentrations of the extractable OMPs in solid phase of biosolids (sewage sludge under 115 kPa ( ) and 225 kPa ( ), and lime-

amended biosolids under 115 kPa ( ) and 225 kPa ( )) after 105 days of curing 
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Table 7.71. Percentage of the 9 selected OMPs in solid and liquid phase, and other types of fate, after 105 days of curing 

Fraction (%) 

Solid phase1 of biosolids Solid+Liquid phase2 of biosolids Other 3 of biosolids 

Sludge (kPa) Lime-amended (kPa) Sludge (kPa) Lime-amended (kPa) Sludge (kPa) Lime-amended (kPa) 

115 225 115 225 115 225 115 225 115 225 115 225 

SMX 129.9 117.6 90.3 87.3 131.1 119.9 93.4 91.2 -31.1 -19.9 6.6 8.8 

CBZ 104.6 123.0 34.6 23.6 105.0 123.3 34.7 23.7 -5.0 -23.3 65.3 76.3 

GFB 29.2 37.5 28.2 35.7 35.0 41.9 31.7 38.5 65.0 58.1 68.3 61.5 

BPA 6.1 6.5 71.4 82.7 8.9 12.7 89.8 94.1 91.1 87.3 10.2 5.9 

EE2 6.4 7.5 0.6 1.6 7.6 8.1 62.1 54.3 92.4 91.9 37.9 45.7 

DCF 4.2 4.3 15.3 17.6 4.2 4.3 15.3 17.6 95.8 95.7 84.7 82.4 

PMD 44.7 41.8 3.9 4.2 63.2 50.1 55.0 52.1 36.8 49.9 45.0 47.9 

TST 2.7 3.2 1.3 0.7 6.5 6.6 2.8 2.5 93.5 93.4 97.2 97.5 

PGT 103.0 109.7 82.3 98.3 103.1 109.7 82.4 98.3 -3.1 -9.7 17.6 1.7 

1 The detailed transformation of the other 7 OMPs is presented in Appendix II.6. 

2 The mass of the OMPs determined in solid phase of biosolids to the initial mass of the OMPs contained in biosolids. 

3 Total percentage of the OMPs in solid and liquid phases, i.e. the percentage presented as 2 in Table 7.7 and leachability. 

4 Other types of the fate of the OMPs, e.g. biodegradation, non-extractable fractions and loss in laboratory tests. 
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Table 7.8. Loss of mass of biosolids and the production of leachate after 105 days 

Biosolids (wet mass) Sludge  Lime amended 

Overburden pressure (kPa) 115 225 115 225 

Day-0 (g) 1548.0 1588.7 1626.3 1626.0 

Day-105 (g) 1239.6 1233.3 1306.7 1321.1 

Loss (g) 308.4 355.4 320.6 305.9 

Leachate production (g) 237 273 306 292 

Considering the overall fate of the OMPs, the leachability and extractable fractions of SMX, 

CBZ, GFB, PMD and PGT were found to be composed of approximately half of the total 

quantity of these OMPs under 115 and 225 kPa respectively in sewage sludge. For the other 

four selected OMPs, other types of dissipation, e.g. biodegradation, irreversible binding to 

humic substances or/and loss due to human error, contributed a much larger portion to their 

total quantity than extractable fractions and leachability in sewage sludge under 115 and 

225 kPa after 105 days. These results could suggest that quite a large group of OMPs may 

exist in leachable and readily extractable forms in biosolids, and so are likely to pose 

adverse effects to wildlife and human health once entering environment through landfilling 

of biosolids.  

Lime amendment reduced the quantity of the leachable and extractable SMX, CBZ, GFB, 

TST and PGT, while increasing that for BPA, EE2, DCF and PMD through increasing their 

leachability. However, lime amendment was observed not to essentially change the overall 

distribution of the OMPs, with the exception of BPA, EE2 and PMD, in biosolids after 105 

days. This is consistent with the impacts of lime addition on the concentrations of the 

extractable OMPs, as presented above. Similar results regarding the impacts of lime 

addition on the fate of the PPCPs were presented in Section 6.3.8, suggesting that lime 

amendment may consistently reduce the potential of OMPs to become available to the 
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environment. However, such influences are not universally applicable to all classes of 

OMPs, in particular OMPs with physicochemical properties highly dependent on pH.  

7.3.6 Shear strength of Biosolids 

The impacts of the lime amendment and overburden pressures on the undrained shear 

strength of biosolids were also investigated, as shown in Fig. 7.27. 

 

Figure 7.27. Shear strength (Su triaxial) of biosolids from biorigs after 21 and 105 days of 

curing (* the shear strength of sewage sludge after 21 days of curing was too low to enable 

measurement) 

Compared to sewage sludge, the undrained shear strength of lime-amended biosolids was 

enhanced more than threefold after 105 days of curing. With the application of overburden 

pressures of 115 and 225 kPa, no significant difference was observed for the shear strength 

of sewage sludge, showing that very little consolidation had taken place after 105 days. 

However, the shear strength of lime-amended biosolids increased with increasing load by 

accelerating the action of CaCO3. As a result, the shear strength of lime-amended biosolids 

more than doubled from day 21 to day 105. These results for enhancement of shear strength 

due to lime amendment are consistent with the previous study conducted by Kayser (2012b). 

However, the strength increase found in the current study was not as significant as that for 

Mangere biosolids, suggesting biosolids sources, treatment and production processes could 

affect the strength of lime-amended biosolids 
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Figure 7.28. ESEM and EDS analysis of lime-amended biosolids under 225 kPa after 105 

days 

Enhancement in the shear strength was closely related to the formation of CaCO3. In 

particular, higher overburden pressure accelerated the formation of CaCO3 after lime 

amendment over time, as shown in the ESEM images in Fig. 7.4 and 7.28. The previous 

study conducted by Kayser (2012b) similarly showed that formation of CaCO3 increased 

from 7% under 115 kPa to 8% under 225 kPa on the basis of dry weight, which led to a 

higher value for shear strength in lime-amended biosolids after 84 days of curing. 

Additionally, in the current study, more leachate was produced from lime-amended 

biosolids, compared with sewage sludge. While the water content of both amended and 

sewage sludge reduced (Fig. 7.27), the reduction was higher in the case of lime-amended 

biosolids. This may be another explanation for the higher shear strength observed for lime-

amended biosolids under 225 kPa after 105 days. 

7.4 Summary  

This chapter has focused on the effects of lime amendment and overburden pressure on the 

leachability of 16 OMPs, as well as the leachate qualities, including pH, content and 
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physicochemical properties of DOM, over 105 days. The specific impacts of pH, DOM and 

Ca on the leachability of OMPs were investigated in batch experiments to reveal the reasons 

for the modifications in the OMPs’ leachability in lime-amended biosolids.  

Nine OMPs, including three ionised OMPs, three variously ionised OMPs and three non-

ionised OMPs, were chosen, based on their occurrence, rate and quantity of leachability, 

and physicochemical properties, for further exploration of their leachability and possible 

explanations relating to their leachability in lime-amended biosolids. The leachability of 

the selected OMPs varied depending on their physicochemical properties in sewage sludge 

and lime-amended biosolids. In general, lime amendment increased the leachability of 

ionised and variously ionised OMPs (except GFB), while reducing the leachability of non-

ionised OMPs.  

DOM, pH and Ca were all involved in the modification of the OMPs’ leachability in lime-

amended biosolids. In particular, they worked as a whole to increase or reduce the OMPs’ 

leachability. However, the contribution of these factors is dependent on the 

physicochemical properties of OMPs. For example, the increases in the leachability of DCF, 

SMX, BPA, EE2 and PMD were likely related to the interactions of these OMPs with 

protein-like organics and humic substances at high pH. The reduction in the leachability of 

GFB, CBZ, PGT and TST are likely associated with the effect of Ca on the structural and 

composition of DOM constituents through shielding of DOM negative ions at high pH in 

biosolids after lime amendment. The microbial byproducts and protein-like organics, 

commonly presenting in biosolids may have been an important reason for the differences 

found in the leachability of CBZ in biosolids and soil. 

Leachability and extractable fractions of SMX, CBZ, GFB, PMD and PGT contributed a 

large portion of their total quantity, while other types of fractions, e.g. biodegradable, non-

extractable and/or uncertain, contributed to a large part of the total quantity of BPA, DCF, 

EE2 and PMD in sewage sludge after 105 days. Lime amendment reduced the leachable 

and readily extractable forms of SMX, CBZ, GFB, and PGT, while increased those for BPA, 
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EE2, DCF and PMD through increasing their leachability. However, lime amendment did 

not essentially alter the overall fate of the OMPs in biosolids after 105 days of curing. The 

influence of lime amendment may be related to irreversible prevention of the microbial 

degradation of these OMPs, and modifications in the physicochemical properties of the 

OMPs and biosolids organic matters. The formation of CaCO3 is proposed to contribute to 

such effects, due to the important role of inorganic minerals in the strong binding between 

and biosolids.  

High overburden pressure (225 kPa) increased leachate production in the first 21 days and 

after 28 days for lime-amended and sewage sludge, respectively. Such influences were 

observed to be much less significant in the late stage of curing. The content of DOM, i.e. 

DOC, was similarly increased under higher overburden pressure in both sewage sludge and 

lime-amended biosolids, which is likely closely related to the quantity of leachate 

production. However, insignificant influences from overburden pressure on the fate of 

OMPs (leachability, extractable fraction and other dissipation) and functional groups and 

constituents of DOM were observed. This may be related to their physically-based effects 

on biosolids properties, as found in this thesis. Future investigation may be needed to reveal 

the correlation between biosolids properties and overburden pressure, to better understand 

and predict the impacts of overburden pressure on biosolids in practical.   

This study has shown that 20% lime addition can stabilise or ‘lock’ some OMPs in biosolids 

for up to 105 days. However, lime-amended biosolids may also facilitate the potential of 

some OMPs to enter the natural environment, in particular under high overburden pressure 

in the early stages of application with high leachate production. Lime amendment and/or 

containing biosolids in an environment of high overburden pressures should be carefully 

assessed in the design of monofills or landfills. Further, the classes of the OMPs showing 

high occurrence in biosolids may need to be clearly identified before the application of lime, 

as the benefit of lime amendment in reducing the potential availability of OMPs is strongly 

dependent on their physicochemical properties.     
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Chapter 8. The Influences of Lime Amendment and 

Overburden Pressure on the Metals’ Leachability  

8.1  Introduction  

Metals in biosolids are another issue associated with landfilling of biosolids, in particular 

the fractions capable of leaching. The five selected metals, i.e. Cd, Cu, Ni, Pb and Zn, are 

commonly found at high levels in biosolids, and the leachability of the metal can be 

significantly modified with changing biosolids properties, e.g. pH, DOM and Ca levels.  

The leachability of five selected trace metals was investigated after 10% and 20% lime 

amendment, as well as with the application of overburden pressures (115 and 225 kPa). It 

was initially hypothesised that lime amendment would modify the leachability of the five 

selected metals, and that the combined effects of pH, DOM and Ca would be responsible 

for these modifications. To examine the hypothesis, both column and batch experiments 

were carried out in this part of work. The results are presented and discussed in the sections 

below. The experiments can be summarised as follows:  

1) A batch (Chapter 6) for specimens with 10% lime  

2) A biorig for specimens with 20% lime and overburden pressure (Chapter 7).   

3) A series of batch experiments, including in single metal and mixed metal systems, 

were carried out to ascertain: 

a) How elevated pH, DOM and Ca contribute to modifications in the leachability of 

the selected metals after lime amendment.  

b) If DOM and pH plays a relatively more pivotal role in the leachability of Ni in 

the presence of Ca in lime-amended biosolids, compared to the leachability of the 

other four selected metals.  
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8.2 Experimental Design and Methodology  

8.2.1 Column and Biorig Experiments 

The methods for the column and biorig experiments were described in detail in Chapter 6 

and 7 respectively and are not repeated here. 

8.2.2 Batch experiments 

The detailed experimental set-up and methodology can be found in Appendix I (AI.4). 

8.3 Results and Discussion 

8.3.1 Effects of 10% Lime Amendment on the Leachability of Metals 

Using a series of column experiments, this section explores the effects of biosolids amended 

with 10% lime on the leachability of the selected metals in comparison with their 

leachability in sewage sludge. Initially, as described in Chapter 5, no Cd was detected in 

the biosolids. The leachability of the other four metals (i.e. Cu, Ni, Pb and Zn) was 

determined and is presented in Fig. 8.1. Lime amendment increased the leachability of Ni 

and Pb but reduced the leachability of Cu over 63 days of curing. In the case of Zn, lime 

amendment generally reduced its leachability, with the exception of an increase in its 

leachability on day 42. The modifications found in the metals’ leachability were generally 

consistent with the impacts on their exchangeable forms, which represent the fractions of 

metals readily leaching out after 10% lime addition, as presented in Fig. 5.8. In particular, 

the leachability of Ni was observed to be most significantly influenced by lime addition, 

which is consistent with a previous finding, showing that the leachability of Ni increased 

to a much higher extent in biosolids with lime addition compared to Cu and Zn (Kayser et 

al., 2015). These results could suggest that the results for the influence of lime amendment 

on the transport of these metals form a reliable basis for further discussion. 

Considering the leachability of the metals in sewage sludge (used as a control) as a function 
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of time, great increases in the leachability of Pb were observed in the first 14 days. 

Leachability then reduced to a stable value thereafter. The leachability of Ni increased 

continuously over 63 days. In the case of Cu and Zn, their leachability fluctuated and no 

obvious trend was observed during the experimental period. Similarly in a previous study, 

no apparent trend was observed for the extractable concentrations of Zn in soil over one 

year of biosolids treatment at environmental pH (Hseu, 2006). In another example, it was 

also reported that the leaching concentration of Zn fluctuated over 64 days of curing in 

sludge, while a strong time-dependent trend was observed for the leaching concentration 

of Cu at ambient pH (Malviya & Chaudhary, 2006). The discrepancy in the leachability of 

Cu could be related to the different biosolids/sludge sources, as the sludge used in the 

previous study was collected from a steel-processing unit, while the biosolids used in this 

thesis were from domestic sources. Further investigation may be needed to better 

understand the contribution of biosolids sources to the metals’ leachability. After lime 

amendment, the leaching behaviours of Ni and Pb were altered, demonstrating an 

increasing trend in the first 21 days and then decreasing until the end of curing. For Cu and 

Zn, changes in leachability were insignificant over the curing period.  

Levels of Ca were also determined in the aqueous phase with and without lime, and are 

presented as concentration versus curing period in Fig. 8.2. The concentrations of Ca in the 

aqueous phase of lime-amended biosolids were much higher than that in the sewage sludge 

leachate due to the introduction of Ca from lime. It was also observed that the pH and DOC 

increased in biosolids aqueous phase after lime amendment. Given the modifications in pH, 

DOC and Ca level, in combination with the previous findings related to the effects of these 

factors on the metals’ leachability described in Chapter 2, it was hypothesised that 

modifications in pH, DOM and Ca could be responsible for the observed changes in the 

metals’ leachability through their influence on the metals’ speciation and metal-DOM 

complexation in lime-amended biosolids. To examine the hypothesis, a series of batch 

experiments were carried, out, and the results are presented in the following sections. 
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Figure 8.1. The leachability of the selected metals in biosolids (sewage sludge ( ) and 

lime-amended biosolids ( )) 

 

Figure 8.2. The concentrations of Ca and DOC, and pH in the sewage sludge and biosolids 

leachate over 63 days  
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8.3.2 Effects of 20% Lime Amendment and Overburden Pressures on the 

Leachability of Metals 

The leachability of the five selected trace metals and Ca is presented as accumulative 

leachability versus curing periods in Fig. 8.3. After lime amendment, the leachability of Ca 

and Ni substantially increased over the curing period, but the increase was observed to 

gradually slow down after 63 days compared with their leachability in sewage sludge. In 

the case of Cu, lime amendment enhanced the leachability in the first 63 days compared 

with the sewage sludge, however this influence became insignificant over the remaining 

curing period. These results are in agreement with a finding reported in a previous study, 

indicating that the highest leachability for metals was measured within the first two to three 

months of the total 250 days of curing. Thereafter, the leaching concentrations stayed 

constant for Cu and Ni and slowly decreased for Zn in lime-amended biosolids (Kayser et 

al., 2015). Another study similarly reported that the greatest metals’ leachability in soil 

seemed to have occurred immediately after the addition of sludge, and then reduced over 

long-term curing under ambient pH conditions (Merrington et al., 2003). These results 

could suggest that lime addition may not be the best way of improving biosolids properties 

and reducing the hazard of biosolids to environment due to the increase in the metals’ 

leachability after lime amendment. Levels of Ca in lime-amended biosolids leachate were 

about 15 ~ 28 times higher than in the sewage sludge leachate, which is well in agreement 

with the results shown in Fig. 8.2. In the case of the other three selected metals, the changes 

in their leachability were not significant in biosolids after lime amendment over 105 days. 

It should be noted that lime amendment increased the leachability of Ni most significantly, 

at up to 40% after 105 days. A similar study of sludge-treated soil at neutral pH showed 

that high levels of Ni leached out compared with Cu and Zn (Ashworth & Alloway, 2004; 

Toribio & Romanyà, 2006). This finding could flag the potential environmental 

significance of Ni due to its high leachability in lime-amended biosolids. These results for 

the leachability of Ni are consistent with the results derived from the experiment with 10% 
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lime amendment (Fig. 8.1), which suggests that the leachability of Ni may be more sensitive 

to changes in the properties of lime-amended biosolids, e.g. pH, DOM and Ca, than the 

other metals. The proposed assumption could be supported by previous findings that the 

leachability of Ni is more likely affected by modifications in DOM-metal complexes in the 

presence of Ca, as well as the speciation of Ni at high pH, compared to Cu in the soils after 

sewage sludge application (Fang et al., 2016; Hale et al., 2012).  

The overburden pressures applied had an insignificant influence on the leachability of the 

six metals (Fig. 8.3). It may be related to the fact that overburden pressure is a variable that 

largely affects the physical state of biosolids but lead to insignificant chemical 

modifications of biosolids, as described in Chapter 7. In the following sections, 

investigation of the metals’ leachability will focus on the impacts of lime amendment. 

Considering the correlation between the metals’ leachability and biosolids properties, 

including increase in pH, levels of Ca concentration and DOM content, and modifications 

in the structure and composition of DOM constituents, it is hypothesised that:  

1) pH is of pivotal importance in the modifications in the metals’ leachability in lime-

amended biosolids through impacts on: (i) the speciation/precipitation of the selected 

metals; and/or (ii) the DOM-metal complexes in the presence of Ca.    

3) The leachability of Ni may be more sensitive to alterations in DOM in lime-amended 

biosolids at alkaline pH compared to the other selected metals.  

To examine these hypotheses, a series of batch experiments were carried out. In the batch 

experiments, three metals including Cd, Cu and Ni were chosen, based on the observation 

that the leachability of these three metals was relatively more significantly influenced with 

lime addition in biosolids compared Pb and Zn. In addition, the leachability of Cd and Ni 

were observed to be higher than that of other selected metals, which is another reason for 

such a choice.  
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Figure 8.3. The leachability of the five selected metals and Ca in biosolids (sewage sludge under 115 kPa ( ) and 225 kPa ( ), and lime-amended 

biosolids under 115 kPa ( ) and 225 kPa ( )) 
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8.3.3 Influences of pH, DOM and Ca on the Leachability of Cd, Cu and 

Ni 

The impacts of pH, DOM and Ca on the leachability of three metals (Cd, Cu and Ni) were 

investigated in both single and multicomponent systems. At the end of the discussion 

section, a summary of the results with respect to the leachability of Cd, Cu and Ni with the 

addition of DOM/DOM(N) over the pH range of 5.0 ~ 11.4 are presented in Table 8.1.  

8.3.3.1 A Single Metal System 

The leachability of Cd, Cu and Ni, for single metal solutions, in biosolids is presented in 

Fig. 8.4. In the precipitation experiment without the presence of biosolids and DOM, the 

leachability of the metal ions decreased with increasing pH, mainly due to their 

precipitation in the CaCl2 solution. The precipitation of Cd and Ni started from pH close to 

8, while Cu precipitated at pH 6.4. Previously, Cu and Ni have been reported to start 

precipitating at pH close to 7, and this was identified as the dominant mechanism in 

adsorption of metal ions in biosolids-amended soil (Mamindy-Pajany et al., 2014). Similar 

findings related to the speciation of Cu and Ni over pH of 5 ~ 11.0 can also be observed in 

Fig. 2.6, making it likely one of the important meachanisms responsible for the changes in 

the leachability of metals at high pH in lime-amended biosolids. 

In the case of the metal behaviours in the presence of biosolids, lower leachability for the 

three metals was observed at pH below 8.0 compared to in the CaCl2 solution, suggesting 

sorption of these metals to biosolids occurred. This sorption may be related to the 

electrostatic attraction between the negatively charged surface of biosolids and the metals, 

as these metals may exist largely as cationic forms, in particular Ni and Cd, under such pH, 

as presented in Table 2.5. With a further increase in pH to 11.5, the leachability of all three 

metals was higher than at low pH, particularly for Cu and Ni ions. This may be explained 

by the formation of DOM-metal complexes, thus reducing the affinity of metal ions for the 

biosolids surface through way (iii), as described in Section 2.5.2 (Plaza et al., 2006). This 
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proposed explanation for the differences in interaction of metal ions with DOM is supported 

by a previous study reporting that both DOM content and quality were important factors in 

the increase in the mobility of Cu and Ni, through complexation of these metals and humic 

substances in DOM under various pH (Baken et al., 2011). Similarly, another study found 

that leachability of Cu and Ni showed a strong positive correlation to sludge-derived DOM 

content, particularly at high pH, while the same correlation was not found for Cd (Ashworth 

& Alloway, 2008). In addition, precipitants of these metals, formed at pH above 6.4/8.0, 

may dissolve in the soluble phases again by forming OH and CO3 complexes at alkaline 

pH (Dijkstra et al., 2004). This is another possible reason for the increase in the metals’ 

leachability under high pH. Further, it should be noted that the leachability of Cd in the 

presence of biosolids followed the pattern observed in the system without biosolids, while 

the leachability of Cu and Ni was observed to be significantly different in the two systems, 

in particular at pH above 9.0. This finding could have suggested that the mechanisms 

associated with the leachability of Cd, Cu and Ni under same conditions are likely to be 

different. More specifically, speciation/precipitation of Cd is more likely correlated with its 

leachability than DOM-metal complexes under different pH. In the case of Cu and Ni, both 

the interaction between DOM and metals and metal speciation/precipitation mechanisms 

under different pH may be responsible for their leachability in biosolids under various pH.   

Further DOM was added to the biosolids solution. This addition of DOM resulted in the 

following changes compared to the biosolids and CaCl2 solutions: 

1) The leachability of Cd decreased over the pH range 9.0 ~ 11.4; 

2) An increase in the leachability of Cu was found over the pH range 5.0 ~ 9.0; 

3) An increase in the leachability of Ni was observed over the pH range 5.0 ~ 11.4. 

Similar patterns in the metals’ leachability with changing pH to those found in the system 

without further DOM addition could be observed, which is in agreement with a previous 

finding that organic matter/DOM may play an important role in metal speciation and 

mitigation in landfill, and that the influence of organic matter/DOM varies with changing 
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pH (Wu et al., 2011). Further, these observations could suggest that the influences of DOM 

on the leachability of Cd are opposite to its influence on Cu and Ni, via different 

mechanisms (way ii) described in Section 2.5.2. It was previously found that the 

leachability of Cd in soil was reduced by adding solid waste leachate derived DOM, 

probably due to the formation of complexes between Cd and DOM that bonded to soil 

( Calace et al., 2001). Further, the leachability of Cu and Ni was found to be positively 

correlated with biosolids-derived DOM by forming soluble DOM-metal complexes in 

aqueous phase (Mamindy-Pajany et al., 2014). The proposed statement regarding the 

influence of DOM on Cd and on Cu/Ni may also apply to interpret the reduction in 

leachability of Cd, but increase in the leachability of Cu and Ni, in lime-amended biosolids. 

In addition, it was observed that the leaching behaviour of Cd was similar to the 

precipitation curve under pH 5.0 ~ 11.4, which could further support the suggestion that 

speciation/precipitation of Cd is likely one of the dominant mechanisms in the leachability 

of Cd. This combined with the DOM effects may explain the reduction in leachability of 

Cd in the late curing stage in lime-amended biosolids recorded in the column and biorig 

experiments (Fig. 8.1 and 8.3), since the pH of lime-amended biosolids followed the 

precipitation range for Cd (Table 6.2 and Fig. 7.6a). In the case of Cu and Ni, complexation 

with DOM seemed to play a more important role in their leachability in lime-amended 

biosolids, compared to metal speciation/precipitation under different pH, given the positive 

correlation between leachability and addition of DOM. The interactions between Cu and 

DOM and Ni and DOM were ascertained by FTIR and HP-SEC analysis (Fig. 8.5~8.7) to 

further elucidate the contribution of DOM to the leachability of Cu and Ni in lime-amended 

biosolids. 
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Figure 8.4. The leachability of the three metal ions in single metal system of CaCl2 solution ( ), CaCl2 and biosolids solution ( ) and CaCl2 and 

biosolids solution with DOM addition ( ) 
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As shown in Fig. 8.5a, without further DOM addition, signals at 1632, 1433, 1355 and 1057 

cm-1, which are attributed to C=O stretching in amide I, symmetric C=O of carboxylic 

groups and polysaccharides, could be observed in the Ni system over the pH range 5.0 ~ 

11.5. For the FTIR spectra of the Cu system (Fig. 8.5c), the peaks centered at 1440 and 

1355 cm-1 were only observed at pH above 8.5. In particular, the peaks ascribed to 

polysaccharides occurred as weak signals compared to those seen in the FTIR spectra in 

Fig. 8.5a. In comparison to the FTIR spectra of DOM shown in Fig. 6.9, the wavenumbers 

of the peaks corresponding to amide I groups had shifted, the bands of carboxylic groups 

seemed to have split into two peaks (from 1400 cm-1 in Fig. 6.9 to 1433 and 1355 cm-1 in 

Fig. 8.5a and 8.5c), and the amide II peak (1541 cm-1) had disappeared. These changes in 

the DOM functional groups could be related to complexation between Cu and Ni and DOM 

constituents containing these functional groups. This proposed explanation could be 

supported by a previous finding reporting that Cu can interact with both high and low 

molecular weight DOM, which contains relatively high amounts of amide II and carboxylic 

groups, in soil at pH 7.3 (Calace et al., 2001). In another published study similarly stated 

that Cu was able to interact with humic substances and protein-like organics of landfill 

leachate derived DOM at environmental pH, and this may have led to modifications in 

speciation and mobility of Cu in municipal solid waste landfill (Wu et al., 2011). Another 

possibility is that metals likely interacted with amide I groups to form much stronger 

complexes, which possibly overlapped the IR bands of amides II groups or metal-amide II 

complexes. In particular, the results derived from the FTIR spectra in the Ni and Cu systems 

could have also suggested that Cu and Ni seem able to complex with all the DOM functional 

groups, but the complexation between Ni/Cu and DOM was different. It was quite difficult 

to differentiate the Ni-DOM complexes from the Cu-DOM complexes with the techniques 

applied in this part of work. Future investigation employing EEM combined with 

PARAFAC analysis may be needed if further clarification of the Cu/Ni-DOM complexes is 

required. 
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Compared to the biosolids solution, the further addition of DOM promoted changes in the 

functional groups as follows:  

1) The amide groups were modified with conformational changes in the amide I bands 

(1637cm-1) and occurrence of amide II groups (1558cm-1) seen in the Ni system 

(Fig. 8.5b). 

2) The two peaks of carboxylic groups (1433 and 1355cm-1) combined to one peak 

(1402cm-1) and the wavenumbers shifted in the Ni system (see Fig. 8.5b). 

3) The absorbance intensities of amide I groups reduced with the occurrence of amide 

II groups with pH increasing from 5.5 to 11.5 (see Fig. 8.5d). 

4) Insignificant modifications of the carboxylic groups at 1406 and 1352 cm-1 were 

observed in the Cu system (see Fig. 8.5d).  

These results could have further suggested that Cu and Ni are likely able to interact with 

DOM. Specifically, Ni seemed likely to interact with the DOM components containing both 

amide and carboxylic functional groups, and the interactions could have been observed 

over the pH range of 5.5 ~ 11.5. For Cu, the interactions could also be observed with both 

amide groups and carboxylic groups contained in DOM, but the association with DOM 

containing carboxylic groups was relatively more pronounced at pH below 9.5. However, 

the information on metal-DOM interactions derived from the FTIR spectra may not have 

fully revealed the correlation between the DOM and the metals’ leachability, since FTIR 

can only provide qualitative information on the DOM functional groups. Other 

interferences, such as pH and other cations, may contribute more to the observed changes 

in the DOM functional groups. Future work, such as fractionation of DOM to explore the 

complexation between metals and specific DOM components, may be needed to obtain 

direct and quantitative information to support the explanations presented in this thesis.
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Figure 8.5. FTIR spectra of a) Bio+CaCl2+Ni, b) Bio+CaCl2+DOM+Ni, c) Bio+CaCl2+ Cu, 

and d) Bio+CaCl2+DOM+Cu in single metal systems over the pH range 5.5~11.5 

As shown in Fig. 8.6, the molecular weight distributions are consistent with the FTIR 

analysis, and show the molecular weight of the DOM fractions were largely in the range 

100 ~ 1000 Da. In addition, a small proportion of organics with a low molecular weight, 

i.e. 10 ~ 100 Da, was also found in DOM over the pH range 5.0 ~ 11.4. The findings could 

suggest DOM is mainly composed of hydrophilic substances, such as polysaccharides and 

microbially derived fulvic acids (Feng et al., 2015; McKnight et al., 2001), which is in 

agreement with the findings shown in Fig. 7.25. The intensities of the DOM constituents 

were observed to be higher in the Ni system than that in the Cu system, in particular at a 

pH below 8.5, indicating that Ni may have formed soluble Ni-DOM complexes and have a 

stronger tendency to interact with DOM than Cu. This could be due to the fact that the 
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organics showed a strong UV response associated with humic-like substances containing 

benzene or π-bonded structures or protein-like organics containing benzene rings with 

conjugated doubled-bonds (Feng et al., 2015; Her et al., 2004). Additionally, the molecular 

weight distribution varied with pH in the range of 5.5 ~ 11.5, suggesting that the interactions 

of DOM and Ni may have occurred over pH of 5.5 ~ 11.5, which is in agreement with the 

findings derived from the FTIR spectra. For Cu, the pH-dependence for molecular weight 

distribution was relatively more pronounced at high pH (e.g. >8.5), indicating the 

complexation of Cu and DOM may be more likely under such pH.  

 

Figure 8.6. Molecular weight distribution of biosolids DOM with a) Ni and b) Cu in the 

single metal system. 

In the case of Cd, the FTIR spectrum show DOM constituents mainly contained amide I 

groups (1633cm-1), and the functional groups changed slightly at pH between 5.5 and 11.5. 

The results are consistent with the assumption that DOM may not be the most important 

factor in the leaching behaviour of Cd over pH 5.5 ~ 11.5. With further introduction of 

DOM, the DOM functional groups substantially changed and new peaks, e.g. 1550 and 

1342 cm-1, were present. The findings suggest Cd may have also interacted with the amide 

and carboxylic groups contained in the DOM components to form DOM-Cd complexes 

sorbed to biosolids, when the DOM content is relatively high enough. The results are 

consistent with a previous study indicating that Cd can interact with fulvic acid-like 

organics at various pH. The application of fluorescence techniques showed the interaction 
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became stronger with increasing pH and fulvic acid-like organics concentrations (Grassi & 

Daquino, 2005). In another study, it was similarly reported that no interactions were 

observed between Cd and DOM by only using EEM. However, complexation of Cd and 

fulvic acid-like organics was observed by using EEM combined with PARAFAC analysis 

(Wu et al., 2011). These results indicate that in addition to the speciation/precipitation 

mechanisms in lime-amended biosolids, DOM may also contribute to the leachability of 

Cd through Cd-DOM complexes when the DOM content is high. This could further support 

the recommendation that other advanced techniques such as EEM combined with 

PARAFAC analysis may be needed in the future to provide more information on the 

contribution of DOM to the leachability of Cd in lime-amended biosolids.  

 

Figure 8.7. FTIR spectra of a) Bio+CaCl2+Cd, b) Bio+CaCl2+DOM+Cd, and Molecular 

weight distribution of c) Bio+CaCl2+Cd, d) Bio+CaCl2+DOM+Cd in single metal system 

over the pH range 5.5~11.5 

Considering the molecular weight distribution, most of the organic substances contained in 
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DOM were hydrophilic, as shown by the low molecular weights (10~1000 Da) and weak 

signal responses (Figs. 8.7c). After further addition of DOM, only a single peak was 

observed in the molecular weight distribution over the pH range of 5.0 ~ 11.4, and the UV 

response increased (Fig. 8.7d). Of particular note, the molecular weight distributions of the 

organic substances changed slightly, irrespective of pH changes. The results are in 

agreement with the findings derived from FTIR spectra, suggesting that the interactions 

between DOM and Cd may have occurred with high DOM content, or that the interactions 

were not able to be observed by the techniques used in this thesis. When the interactions of 

DOM and metals are discussed in the following sections, only Cu and Ni are involved due 

to the particularly poor performance of FTIR and HP-SEC in the investigation of Cd-DOM 

complexes.  

8.3.3.2 A Multimetal System 

The leachability of the selected metal was also investigated in a multimetal system, as these 

metals co-exist in biosolids (Fig. 8.8). The main purpose of this investigation was to 

examine the hypothesis that the leachability of Ni is more likely modified with changing 

biosolids properties, such as pH, DOM and Ca, compared to Cd and Cu. 

Compared to the single metal system, the simultaneous addition of the three metals reduced 

the leachability of Cd in the multimetal system. An increase was observed in the 

leachability of Cu at pH below 9.0. With pH increasing to 11.4, Cu leachability was reduced 

by the simultaneous addition of three metals compared to in the single metal system. In the 

case of Ni, the leachability was generally reduced in the multimetal system, and the 

reduction was more pronounced at pH below 8.5 than that at higher pH. The results could 

indicate that the coexistence of metals may influence the leachability of the individual 

metals in biosolids. This could be related to their speciation and complexation with DOM 

at various pH, since the species of metals and interactions with DOM components vary 

with changing pH. The finding is consistent with a previous study indicating that metals 

have different abilities for binding on sewage sludge when they are simultaneously present 
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in one system; they follow the sorption order Cu>Pb>Zn due to various affinity of these 

metals to organic matter (Hsiau & Lo, 1997). However, these results are not consistent with 

another previous finding of no significant differences in the sorption of Cu, Ni and Zn on 

biosolids-amended soil surface between multimetal system and single metal system over 

the pH range of 2 ~ 11 (Mamindy-Pajany et al., 2014). Given the importance of DOM to 

the metals’ leachability described in Section 8.3.3.1, this inconsistency could relate to the 

different properties of DOM/organic matter in biosolids and biosolids-amended soil. The 

influences of DOM sources on the metals’ leachability will be further discussed in the 

following sections.  

With further addition of DOM in the multimetal system, no significant difference in 

leachability was observed for Cd. The leachability of Cu insignificantly changed by adding 

DOM at pH below 9.0, and increased with pH increasing to 11.4. For Ni, the DOM 

increased the leachability over the pH range of 5.0 ~ 11.4. The results for Cd could suggest 

that the reduction in its leachability between the single metal and multimetal system could 

be because Cu and Ni are likely more sensitive to DOM changes than Cd. Furthermore, 

these observations may further indicate the significance of DOM in the leachability of Cu 

and Ni through way iii at different pH. In particular, different DOM components are likely 

responsible for complexing these metals, as the pH-dependence of DOM impacts on their 

leachability in the multimetal system. Previously, Cu was similarly found to interact with 

low and high molecular weight DOM fractions, leading to an increase in the retention 

capacities of soil treated with municipal waste leachate, and the increase varied over pH 

6.3 ~ 9.5 (Calace et al., 2001). For Ni, the effects of DOM on its leachability may only 

occur at very high pH (>10), where the humic substances, e.g. humic acids and fulvic acids, 

are prevalent (Impellitteri, 2002). To further reveal the interactions of DOM and Cu/Ni as 

a function of pH, FTIR and HP-SEC analysis were carried out and the results are presented 

in Fig. 8.9.
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Figure 8.8. The leachability of the three metal ions in single system of CaCl2 and biosolids solution ( ) and CaCl2 and biosolids solution with 

DOM addition ( ), and in multimetal system of CaCl2 and biosolids solution ( ) and CaCl2 and biosolids solution with DOM addition ( ) 
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With regard to the FTIR spectra for the multimetal system, the wavenumbers of the main 

peaks shifted slightly compared to those in the single metal system, as shown in Fig. 8.5a, 

8.5c and 8.7. The FTIR spectra derived from the multimetal system was observed to be 

much more similar to the Ni single system, compared to the Cu and Cd single system. The 

differences in the DOM functional groups were associated with the carboxylic groups (1433 

and 1355 cm-1) in the multimetal system and Ni single system. The absorbance intensities 

of the peaks centered at 1433 cm-1 reduced, while increasing for the peaks at and 1361 cm-

1 over the pH of 5.5 ~ 11.5. These results could further indicate the metals may have 

interacted with the DOM constituents containing carboxylated and polysaccharide groups, 

and the interaction was a function of pH. Furthermore, it is proposed that Ni may more 

likely be influenced by DOM at different pH, since Ni was found likely to complex with 

carboxylic and amide groups contained in DOM, while Cu seemed more likely to interact 

with amide groups in the DOM components, as described in Section 8.3.3.1. 

With the further addition of DOM to the multimetal system, the peaks assigned to 

carboxylated groups changed substantially from 1435 and 1361 cm-1 to 1404 and 1338 cm-

1. In particular the peaks broadened over pH of 5.5 ~ 11.5 compared to in the system without 

DOM addition. The results could have further suggested that Ni may be the preferred metal 

for biosolids DOM to complex with, as Ni may be able to interact with both amide and 

carboxylic groups contained in DOM. Previously, it was similarly reported that while 

organic matter played a dominant role in Ni binding in biosolids-amended soil, it was of 

lesser important for Cu in pure soil and biosolids–amended soil (Mamindy-Pajany et al., 

2014). Other previous studies have also suggested that complexation by anthropogenic 

ligands (humic substances and protein-like organics) is important for Cu and Ni behaviours, 

and the importance of aminopolycarboxylation for the transport of Ni in wastewater 

effluent (Baken et al., 2011). The correlation found between DOM and Ni may be one of 

the factors responsible for the pronounced increase in the leachability of Ni in lime-

amended biosolids (Fig. 8.3).  
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The findings for molecular weight distribution could support the suggestion that the 

dominant interaction occurred between metals and humic-like substances containing 

fractions with a molecular weight of 500 Da. In particular, the interactions were 

independent of pH. However, the findings for distribution of molecular weight are 

inconsistent with the conclusions derived from the results presented in Fig. 8.6 and 8.7. 

This could be due to the intense signals for the DOM fractions around 500 Da, which may 

have overlapped other organic substances with low detector responses.  

 

Figure 8.9. a) FTIR spectra of a) biosolids and b) biosolids+DOM, and molecular weight 

distribution of c) biosolids and d) biosolids+DOM in a multimetal system 

Additionally, speciation/precipitation of Ni and Cu may also be attributed to their 

leachability in the multimetal system (high pH) and lime-amended biosolids (pH 9.5 ~ 11.5, 

Fig. 7.6a). The soluble cation of Ni2+ could still be observed at pH up to 10, and the 

precipitant of Ni(OH)2 may have dissolved in the aqueous phase with pH further increasing 
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to 11.5. In the case of Cu, the Cu species shifted to its precipitant form of CuCO3 over pH 

of 6 ~ 9. With pH further increasing to 11, the Cu-related OH and CO3 precipitants became 

soluble again by forming Cu complexes such as CuCO3(OH)2, as presented in Table 2.5 

and Fig. 2.6. It can be further concluded based on this part of work that the 

speciation/precipitation mechanisms combined with DOM-metal interactions at high pH 

were closely related to the leachability of the selected metals in lime-amended biosolids. 

Similarly, it was reported that the sorption of Cu and Ni to biosolids-amended soil increased 

with increasing pH from 2 to 7, while a reduction was observed with pH further increasing 

to 11, as a result of metal precipitation and dissolution of metal-DOM complexes under 

various pH (Mamindy-Pajany et al., 2014; Zhou & Wong, 2001). Further study may be 

needed to fully understand how each mechanism contributes to the metals’ leachability in 

lime-amended biosolids. 

8.3.3.3 The Influences of DOM and DOM(N) on the Leachability of Metals  

The findings for the leachability of the three metals in this work were inconsistent with the 

results previously reported for soil or biosolids-amended soil, as described in Section 

8.3.3.2. The inconsistency was hypothesised to be related to the different physicochemical 

properties of DOM in biosolids and in soil under similar pH. To examine this hypothesis, 

the leachability of three selected metals in the single and multimetal systems, with the 

addition of DOM and DOM(N), was investigated. The results are presented in Fig. 8.10. 

In the single metal system, no significant differences were observed for the leachability of 

Cd with the addition of DOM and DOM(N) over the pH range of 5 ~ 11.4, although 

fluctuations at some pH could be observed. In the case of Cu and Ni, leachability was higher 

in the presence of DOM than DOM(N) over the selected pH range. Differences in the 

leachability with the addition of DOM and DOM(N) were more pronounced for Cu, relative 

to Ni. These observations suggest Cu may possibly have preferred interacting with the 

organic components prevalent in DOM, such as microbial byproducts and proteinaceous 

constituents, which are not commonly found in DOM(N) based on the composition of DOM/ 
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DOM(N) (Fig. 7.17). For Ni, the less pronounced differences in the leachability observed in 

the systems with the addition of DOM versus DOM(N) may be explained by the possibility 

that Ni interacted with all organic components contained in both DOM and DOM(N), such 

as microbial byproducts, protein-like organics and humic substances. These proposed 

assumptions are consistent with the findings indicating Cu may prefer complexing with the 

DOM constituents containing amide groups, and Ni is likely to interact with both 

carboxylic and amide groups contained in DOM, as reported in Section 8.3.3.1 and 8.3.3.2. 

In the multimetal system at pH above 8, slight changes were observed for the leachability 

of Cd in the presence of DOM and DOM(N), which could further support the conclusion of 

the insignicant correlation between DOM and Cd leachability, as described in previous 

sections in this chapter. For Cu, the impacts of DOM and DOM(N) on leachability were 

similar to those observed in the single metal system, further suggesting there are possibly 

organic constituents prevalently contained in DOM, but not in DOM(N), interacting with Cu. 

In the case of Ni, DOM and DOM(N) affected leachability differently at pH above 8.0; 

leachability was higher with the addition of DOM(N) compared to the addition of DOM. 

This observation could have indicated Ni may have a higher tendency to interact with humic 

substances in the multimetal system, and this interaction is likely prevalent at pH above 8.5, 

due to the dissociation of carboxylic and phenolic groups to provide host high affinity sites 

for metals (Baken et al., 2011; Bryan et al., 2002). The findings for the preference of Ni in 

interacting with humic substances could further explain the significant enhancement of the 

leachability of Ni in biosolids after lime amendment, given the prevalence of humic acid-

like organics contained in lime-amended biosolids DOM. 
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Figure 8.10. The leachability of the three metal ions with DOM addition in single metal system ( ) and multimetal system ( ), and in single 

metal system ( ) and multimetal system ( ) with DOM(N) addition 
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Table 8.1. Summary of the leachability of Cd, Cu and Ni with the addition of DOM/DOM(N) over the pH range 5.0~11.4 derived from batch 

experiments (Fig. 8.4~8.11) 

 Interaction with DOM Interaction with DOM Interaction with DOM(N) 

Metal 

Single metal system Multimetal system Single metal and multimetal system 

Change1 pH FG2 Constituents 
MW3 

(Da) 
Change pH FG Constituents 

MW 

(Da) 

Change pH FG Constituents 

MW 

(Da) 

Cd  
5.0~

11.4 
-10 - 

100~

1000 
 

5.0~ 

11.4 

- - - 
 5.0~

11.4 
- - - 

Cu  9.07 
amide 

groups 

Microbially 

derived 

fulvic acids 

10~ 

1000 

 
9.0 

Polysacch

arides and 

carboxylic 

groups 

Microbially 

derived 

humic 

substances 

500 

 5.0~

11.4 

Amide 

groups 

microbial 

byproducts 
10~1000 

Ni  
5.0~

11.4 

amide and 

carboxylic 

groups 

Microbially 

derived 

fulvic acids 

10~ 

1000 

 
5.0~ 

11.4 

 5.0~

11.4 

Amide and 

carboxylic 

groups 

Humic 

substances 

and 

microbial 

byproducts 

10~1000 

and 

1000~1000

0 

1 Overall changes in the metals’ leachability over the pH range 5.0~11.4 
2 FG = Functional Groups 
3 MW = Molecular Weight 
4 Decreasing; 5 stable; 6 increasing; 
7 Stable over pH 5.0~9.0, then increases over pH 9.0~11.4 
8 Sable with small fluctuation; 9 relatively less decreasing trend than that shown with the symbol 4 10 No interaction 

4 

8 9 

5

5 

6 
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Figure 8.11. Molecular weight distribution of DOM+ DOM(N) in a) multimetal system, b) 

Cu system, c) Ni system, and d) FTIR spectra of DOM+ DOM(N) in Ni system 

As shown in Fig. 8.11, well-defined peaks in the molecular weight range 10~1000 Da with 

high UV response were observed in both the single and multimetal systems, suggesting the 

prevalence of organic components with low molecular weight in these two systems. In 

addition, some organic substances with molecular weights in the range 1000 ~ 10,000 Da 

were also observed. In particular, much higher UV responses for the peaks corresponding 

to the molecular weight of 1000 ~ 10,000 Da were observed in the Ni system, compared to 

the Cu system. These observations may support the suggestion that humic substances 

seemed to prefer interacting with Ni, while showing weaker capability for interacting with 

Cu in the multimetal system. Organic components with such high molecular weight and 

high UV responses have been attributed to humic substances with benzene or π-bonded 

structures (Calace et al., 2001). The modifications in the carboxylic/carbonated groups 
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(1427 cm-1) and occurrence of the peaks centred at 1361 cm-1 could provide further 

evidence for the interaction of Ni with DOM constituents containing carboxylated groups, 

such as humic acid-like and fulvic acid-like organics.  

With regard to the effects of changing pH, slight modifications in molecular weight 

distribution were observed in the multimetal system, while the molecular weight 

distribution was influenced with increasing pH in the single metal system. In the case of 

the Cu system, reduction in the UV responses was basically observed for low molecular 

weight organic fractions (500 Da) with pH increasing from 8.5 to 11.5. This observation 

suggests that the complexes of Cu and DOM components containing low molecular weight 

fractions (100 ~ 1000 Da) could have commonly observed at pH below 8.5, when Cu exists 

as cation form, which is in agreement with the findings described in Section 8.3.3.1 and 

8.3.3.2. For the Ni system, the UV responses of low molecular weight organics increased, 

while reducing for the DOM components containing high molecular weight substances, 

with increasing pH. These results further indicate that Ni interacts with both low and high 

molecular weight organic substances. In particular, Ni complexes with relatively high 

molecular weight organics at low pH when Ni exists mainly as cations, and complexation 

occurs between Ni and DOM constituents containing relatively low molecular weight 

substances at high pH, when Ni exists as cations and negatively inorganic OH complexes. 

Further investigation regarding the influence of specific DOM components on the 

leachability of Ni, combined the use of advanced techniques, may be worthwhile to 

examine the complexation of Ni and DOM under varying pH. 

The sources of DOM, i.e. DOM and DOM(N), may have resulted in differences in the 

physicochemical properties of DOM, thus differently influencing the metals’ leachability, 

depending on the speciation of metals under various pH. This finding could provide 

evidence for the hypothesis that the differences in the DOM properties are likely related to 

the inconsistencies in the metals’ leachability observed between biosolids and 

soil/biosolids-amended soil. Other factors, such as experimental design or/and other cations 
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(monovalent or divalent ions), may also contribute to such discrepancies, but are not within 

the scope of this thesis. Future work related to these investigations may worthwhile to better 

understand the metals’ leachability in biosolids/soil.  

8.4 Summary  

This chapter has presented investigations into how lime amendment and overburden 

pressure affect the leachability of five selected metals, as well comparing the effect of Ca 

in sewage sludge and lime-amended biosolids. The results show lime amendment 

significantly increased the leachability of Ni, while relatively less significantly influencing 

the leachability of Cd, Cu, Pb and Zn, irrespective of the quantity of lime added. The 

impacts of 20% lime amendment on the metals’ leachability lasted for 105 days, compared 

to 21 days for 10% lime. In the case of overburden pressures, no significant effects were 

observed on the leachability of the selected metals. 

DOM and Ca, in combination with the speciation/precipitation mechanisms of metals, were 

involved in affecting the metals’ leachability in the lime-amended biosolids at high pH. 

However, the contribution of these factors varied among the selected metals. Specifically, 

the leachability of Cd is likely correlated with speciation/precipitation mechanisms due to 

pH changes in biosolids. DOM components containing carboxylic groups may also affect 

the leachability of Cd when the DOM content is high enough in lime-amended biosolid 

matrix. In the case of Cu and Ni, DOM plays an extremely important role in modifying 

leachability, in addition to the speciation/precipitation of the metals due to elevated pH. In 

particular, Cu is more likely complex with DOM containing amide groups, such as protein-

like organics, and the interaction was found to largely occur at pH above 8.5. Ni seems able 

to complex with both amide groups and carboxylic groups contained in DOM over pH 5.5 

~ 11.5, which may have been responsible for the pronounced increase in its leachability in 

lime-amended biosolids at alkaline pH.  

The additional batch experiments for the influence of DOM and DOM(N) on the leachability 
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of the selected metals suggested that Cu may readily interact with the organic constituents 

with low molecular weight contained in DOM, such as microbial byproducts at pH below 

8.5. Ni is likely to associate with both DOM and DOM(N) over the pH range of 5.0 ~ 11.5, 

interacting with low molecular weight organic substances at high pH and relatively high 

molecular weight organics at low pH. The physicochemical properties of biosolids DOM 

and soil DOM(N) may account for the different observations of the metals’ leachability in 

biosolids and soil under various pH. 

In practice, the application of sewage sludge/biosolids may alter the mobility of the trace 

metals originally existing in soil due to substantial differences in the physicochemical 

properties of DOM and pH between soil and sewage sludge/biosolids, since the 

physicochemical properties are closely correlated to the transport behaviour of metals. 

Considering only the leachability of Ni (up to 45%) in biosolids after lime amendment, 

mixing biosolids with lime may not be a useful practice for reducing/alleviating the 

potential hazard of biosolids to the environment. Since much more Ni would be introduced 

to the environment through the introduction of limeto biosolids, which brings the 

leachability to 45% compared to the leachability of Ni in sewage sludge i.e.10% after 105 

days. Given these findings, it is suggested that lime amendment needs careful investigation 

with respect to altering the properties of sewage sludge prior to practical utilization, in order 

not to cause pollution of the natural environment.
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Chapter 9. Conclusions and Recommendations for 

Future Work  

9.1 Conclusions  

Sewage sludge are very heterogeneous organic materials containing high levels of OMPs 

and metals. In most parts of the world they are considered one of the most significant 

sources of hazardous contaminants in the environment. Their complex and hazardous 

matrix differentiates sewage sludge from natural soil and other types of solid waste, and 

makes sewage sludge very difficult to study in any field of scientific work. As a result, 

processing, handling and disposing of sewage sludge have historically been an issue for 

wastewater treatment plants worldwide. It is crucial to improve the environmental and 

geotechnical properties of sewage sludge, and specially investigate the fate of the OMPs 

during the processes of treatment, disposal or reuse of sewage sludge. 

Lime amendment is one of the most widely used methods for the pre-treatment of 

wastewater and sewage sludge, by virtue of its effects on neutralising pH and removing 

pathogens (Wang et al., 2008; Water & Association, 2003). The influences of lime addition 

on the fate of organic matter and metals have been considered in both sewage sludge and 

other solid wastes (Kayser et al., 2015; Smidt & Schwanninger, 2005). However, no 

detailed investigation has been undertaken on the fate of OMPs, in particular, the 

leachability and availability of OMPs, in lime-amended biosolids. To ascertain if lime 

addition is an environmentally friendly way to amend sewage sludge in wastewater 

treatment plants, the fate of OMPs, in particular the OMPs’ leachability, in lime-amended 

biosolids, was comprehensively studied in this work. It was initially expected that adding 

lime would prevent OMPs leaching out and also stabilise the biotransformation of the 

OMPs in sewage sludge.  

It is not feasible for one study to examine all types of OMPs contained in biosolids with 
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regard to the all factors responsible for the changes in the leachability and availability of 

OMPs after lime amendment. In this thesis, 16 OMPs, including seven pharmaceutical 

personal care product (PPCPs) and nine endocrine disruptors (EDCs) with various 

physicochemical properties, were selected to study on the basis of their occurrence and 

concentration in biosolids. The selected OMPs represented ionised, variously ionised 

OMPs and non-ionised OMPs based on their pKa values at ambient pH. As described in 

this work, pH, dissolved organic matter (DOM), and calcium (Ca) are closely related to the 

physicochemical properties and behaviours of OMPs in natural and biosolids/sludge 

amended soil. In lime-amended biosolids, pH and the properties of DOM and Ca are 

essentially changed by the addition of lime.    

For the reasons outlined above, the results of this work will contribute to an understanding 

of the leachability and availability of the selected OMPs in lime-amended biosolids. In 

particular, the work has elucidated the salient features of the effect of lime on PPCPs and 

endocrine disruptors necessary for assessing the hazard of lime-amended biosolids to the 

natural environment.  

9.1.1 Properties of Sewage Sludge/Biosolids 

This work is based on sewage sludge from the Rotorua Wastewater System. Typically, the 

sewage sludge has a high water content (> 300%), extremely high amounts of organic 

matter (> 85%, based on dry weight), and a small quantity of inorganic material, e.g. Si and 

Al. The concentrations and leachability of the 16 selected OMPs and five selected metals 

were respectively found to be: 

1) Concentration of the OMPs was in the range 0.6 (TCS) ~ 2038.6 (4-NP) μg/kg    

2) Concentration of the selected metals was in the range 0.4 (Cd) ~ 232.1 (Zn) 

mg/kg 

3) Leachability of the OMPs was in the range 0.0009 (NPX) ~ 18.7 (PMD) % 

4) Leachability of the metals was in the range 0.9 (Cu) ~ 9.8 (Ni) % 
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By way of leaching, OMPs and metals may be transported into an environment, such as 

agricultural sites, groundwater and rivers, after sewage sludge is disposed of in 

land/monofills. The pollutants may then move through the food chain and eventually cause 

adverse effects to human health. 

Measurement of the concentration of the selected OMPs in sewage sludge was difficult due 

to their complex matrix. The techniques used in this study were developed from existing 

work on natural soil and sludge (Englert, 2007; Göbel et al., 2005). The initial application 

of USEPA 2007 to sewage sludge was not totally successful, thus necessitating the 

development of new methods appropriate to this study. These methods proved reliable and 

precise technique for the determination of the concentration of OMPs in other types of solid 

samples with a complex matrix. The detailed results for the solid phase of sewage sludge 

are as follows: 

1) Labelled surrogates were used for SMX-16C, 13C-NPX-d3 and BPA-d6 , due to 

their commercial availability  

2) The medians of recoveries were 65.5% (PGT) and 60.4% (ERY) in solid phase 

and aqueous phase, respectively  

3) The limit of detection ranged from 2.0 (SMX) to 95.1 (TST) ng/kg  

4) The limit of quantification ranged from 0.4 (TCS) to 288.1 (TST) ng/kg 

5) The matrix effects ranged from 43.4 (4-OP) to 331.9 (ERY) % 

6) The process effects ranged from 1.3 (TCS) to 160.7 (CBZ) % 

It should be noted that matrix and process effects were likely responsible for the low 

recoveries of some OMPs in solid phase samples. Further consideration is given to 

overcome these effects in the discussion on useful future work. Lime addition showed no 

significant influences on the extraction and detection of the OMPs in sewage sludge. These 

results regarding quality control and validation suggest that the developed methods, 

including the extraction methods, i.e. microwave-assisted extraction (MAE) and solid 

phase extraction (SPE), and determination methods, i.e. liquid chromatography combined 
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with mass spectroscopy (LC/MS) and high-performance liquid chromatography (HPLC), 

provided precise and reliable OMP results for the investigations and discussions 

throughout the thesis. Low recoveries for some OMPs, such as ERY and TST, due to the 

matrix effects and process effects were obtained by employing such measurement methods. 

However, the methods used were still shown to be applicable in this thesis, considering the 

extremely complicated matrix of sewage sludge, as well as the satisfactory recoveries for 

12 of the 16 selected OMPs by simultaneous extraction and determination. Further work 

may still worthwhile to improve the determination of OMPs in sewage sludge, in particular 

the OMPs that commonly show low recoveries, to more effectively overcome matrix and 

process effects, although this is an extremely challenging work. 

As an organic matter rich matrix, the physicochemical properties of organic matter/DOM 

that are sensitive to sewage sludge chemistry were of pivotal importance in influencing the 

fate of the selected OMPs and metals in sewage sludge. Advanced techniques, including 

attenuated total reflection Flourier transformed infrared spectroscopy (ATR-FTIR), high 

performance size-exclusion chromatography (HP-SEC) and excitation and emission 

matrices (EEMs) combined with parallel factor (PARAFAC) analysis, were employed 

throughout this thesis to assist in the interpretation of the physicochemical properties of 

DOM, as well as assess the contribution of DOM to the leachability of the selected OMPs 

and metals in sewage sludge. Information regarding the functional groups, structure, 

constituents and molecular weight of sewage sludge DOM was able to be gathered, thus 

enabling a comprehensive understanding of the DOM properties in sewage sludge under 

various conditions. In particular, PARAFAC analysis decomposes fluorescence EEMs into 

different independent groups of fluorescent components, which reduces interference among 

the fluorescent compounds. This allowed more accurate information for the analysis of 

DOM properties and their correlation with the leachability of the OMPs in sewage sludge.  

Sewage sludge organic matter is composed of polysaccharides, amide functional groups 

and carboxylic groups, indicating large fractions of the organic matter are soluble. The 
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dissolved organic matter in sewage sludge, DOM, is extremely heterogeneous 

(polydispersity (ρ) of 84.6). The predominant DOM constituents identified in this work 

were microbial by-products and aromatic protein-like organics, which are mostly 

hydrophilic, non-humic and low-molecular weight materials (0.01~1000 kDa).  

The physiochemical properties of organic matter are of importance in differentiating 

sewage sludge from natural soil, as are the levels of OMPs and metals, as well as the 

quantity of organic matter. The organic content of soil is in the range 1 ~ 7.6% (Navon et 

al., 2011; Tisdall & Oades, 1982) and is largely humic substances with a molecular weight 

ranging from 10 to 100 kDa, indicating the constituents are mostly aromatic, hydrophobic 

and homogeneous (ρ = 3). The physiochemical differences in the organic matter of soil and 

sewage sludge is one of the main factors responsible for the differences in the 

transformation of OMPs and metals by these materials.  

9.1.2 The Effect of Lime Amendment and Overburden Pressure on the 

OMPs and Metals in Biosolids 

In sewage sludge, the fate of the selected OMPs – their leachability, extractable fractions 

(remaining in solid phase) and other behaviours – varied depending on their 

physicochemical properties. Specifically, the medians for the combined quantities of 

leachability and extractable fractions of OMPs were 35.0% (GFB) and 41.9% (GFB) of the 

total quantity of the OMPs under 115 and 225 kPa of overburden pressure, respectively. 

Under pressure, the OMPs largely remained in leachable and readily extractable forms, 

with the exception of a few OMPs such as DCF and PMD for which other forms, including 

biodegradable forms, non-extractable forms or/and other loss, were found to account for 

the largest fraction of their total quantity in sewage sludge. Leachable and readily 

extractable OMPs may enter the environment when sewage sludge is disposed in landfill 

over long periods, thus causing adverse effects to wildlife and human health. This suggests 

that OMPs contained in sewage sludge may be a big issue for ecosystems, and treatment of 

sewage sludge to completely remove or at least ‘lock’ these OMPs in sewage sludge for 
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long periods may be required before landfilling of sewage sludge in the future. 

In the component of this study on the leachability of metals in sewage sludge, Ni had the 

most significant leaching potential, and was independent of overburden pressure. The 

experimental results indicated that Ni may be able to complex with carboxylic and amide 

groups contained in DOM constituents, such as protein-like organics and humic substances, 

over the pH range 5.0 ~ 11.4. In the case of the other selected metals, they were found likely 

to only complex with specific DOM components, such as complexes of Cu and DOM 

constituents containing amide groups, or insignificantly complex with DOM. In addition to 

speciation/precipitation mechanisms, these findings may explain the much higher 

leachability of Ni compared to other metals in sewage sludge. The findings from this study 

contribute to an understanding of the influences of organic components on the metals’ 

leachability, suggest that metal-DOM complexes may play a pivotal role as well as 

speciation/precipitation mechanisms affecting the leachability of metals in sewage sludge. 

When sewage sludge was amended with lime, leachate production, pH, DOM content and 

Ca levels substantially increased. Importantly, the physicochemical properties of DOM 

changed. The functional groups of DOM shifted from amide (I and II) and polysaccharide 

groups to carboxylic/carbonated and modified amide groups. Further, the DOM 

constituents were modified to be microbial byproducts and humic substances with higher 

excitations and emission wavenumbers. The changes outlined above promoted significant 

changes in the leachability and availability of the selected OMPs, as follows: 

1) Lime played the key role in decreasing the availability of the selected OMPs in lime 

and mussel shell-amended biosolids. 

2) Lime addition modified the OMPs’ leachability through: (i) altering the 

hydrophobicity and speciation of the OMPs; and/or (ii) modifying the DOM-OMP 

interactions at elevated pH, and the modifications varied with the physicochemical 

properties of the selected OMPs. 



Chapter 9 Conclusions and Recommendations for Future Work 

279 

 

3) Lime addition increased the leachability of some OMP, such as NPX, TCS and EE2, 

by modifying the interaction of these OMPs with protein-like organics and humic 

substances at elevated pH. 

4) Lime addition reduced the leachability of some OMPs, such as CBZ, GFB and PGT, 

due to Ca possibly shielding the negative ions carried by the functional groups 

contained in DOM constituents. This could have reduced the interaction between 

DOM and these OMPs at elevated pH. 

5) Lime addition had relatively less significant effects on the leachability of some 

ionised OMPs, such as DCF and SMX, likely due to the insignificant impacts of pH 

on their physicochemical properties or/and DOM-OMP interactions.  

6) Interaction of the OMPs with microbial byproducts and protein-like organics may 

have been responsible for the different leachability of the OMPs observed in 

biosolids and soil. 

7) Lime addition increased the available fractions (leachable and extractable fractions) 

of some OMPs, e.g. BPA, EE2 and PMD due to the significant increase in their 

leachability. 

8) Lime addition reduced the available fractions of some ionised and non-ionised 

OMPs (e.g. CBZ and SMX), likely due to the inhibition of bacterial activity and 

enhancement of the non-extractable forms of these OMPs  

9) Lime addition substantially increased the leachability of Ni. Less significant effects 

on the leachability of the other four selected metals were observed  

The addition of 10% and 20% lime affected the leachability and availability of the OMPs 

over 21 and 105 days, respectively. This indicates that the effects on the fate of selected 

OMPs are dependent on the amount of lime applied, and helps to determine the appropriate 

quantity of lime to be added to sewage sludge in wastewater treatment based on the desired 

duration of the effects. However, using lime to amend sewage sludge should be carefully 

considered, in particular for sewage sludge containing high concentrations of some specific 
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OMPs (e.g. BPA, EE2 and PMD) and Ni based on the significant increases seen in the 

availability of these contaminants.  

Considering the effects of overburden pressure, the influence on the leachate production 

was observed after 35 days of curing of sewage sludge. After lime amendment, leachate 

production increased markedly in the first 21 days due to reduction in water holding 

capacity through the enhanced formation of CaCO3 under high (225 kPa) overburden 

pressure. The rate and quantity of the OMPs’ leachability and metals’ leachability, DOM 

content, and structure and composition of DOM constituents varied with the application of 

115 kPa and 225 kPa of overburden pressure in sewage sludge/biosolids. The differences 

in the quantity and properties of leachate partially correlated with the leachate production, 

and were a little more pronounced in sewage sludge between 115 kPa and 225 kPa, 

compared to lime-amended biosolids. These findings suggest applying a high overburden 

pressure to sewage sludge/biosolids may be a cause for concern in land/monofills. This is 

due to the correlation between the OMPs’ leachability and leachate production in the early 

stage in lime-amended biosolids, and later stage in sewage sludge. However, overburden 

pressures influenced the leachability of the OMPs and metals, as well as the 

physicochemical properties of DOM, much less significantly compared to lime amendment, 

which may be related to the fact that overburden pressures largely involve physical 

modifications to biosolids properties. After 105 days of curing, the undrained shear strength 

of Rotorua biosolids reached 23.9 kPa under 225 kPa overburden pressure in 20% lime-

amended biosolids. The enhancement in shear strength of Rotorua biosolids was not as 

significant as for Mangere lime-amended biosolids, which was reported to be 28 kPa for an 

overburden pressure of 225 kPa after 84 days (Kayser, 2012b). This difference suggests 

that wastewater sources, wastewater treatment processes and sewage sludge production 

processes influence the strength of sewage sludge.  

In practice, amending sewage sludge with lime should be followed by detailed investigation 

of the properties of sewage sludge as they leave the wastewater treatment plant. This work 
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has shed light on the leaching process and quantity of OMPs and metals in biosolids, in 

both the laboratory and destination environment, and thus can contribute to establishing 

appropriate guidelines for the biosolids industry.  

9.2 Recommendations for Future Work 

This study has presented a comprehensive profile of lime-amended biosolids and a detailed 

comparison of the leachability of selected OMPs and metals in biosolids. Further questions 

arise in relation to increasing understanding of how lime amendment variously influences 

the fate of each OMP and metal in biosolids, in particular the fate of OMPs in the solid 

phase. For example, can OMPs transfer to non-extractable forms by binding to humic 

substances and inorganic matter and, if so, does lime amendment affect the transformation? 

In addition, if OMPs are biodegraded in sewage sludge, what is the biodegradation rate of 

the selected OMPs? To answer these questions, some experimental approaches and 

analytical techniques are recommended below. 

9.2.1 Investigation of Environmental Factors 

The leachability of the 16 selected OMPs varied with their various physicochemical 

properties in sewage sludge and biosolids. The influencing factors responsible for each 

OMP’s leachability are therefore likely to be different in biosolids after lime amendment. 

Future study may be worthwhile to choose a few OMPs with high occurrence in biosolids 

and clearly elucidate the exact leaching mechanisms for each OMP with and without lime 

amendment in order to find effective ways to manage them. 

Over the course of the current study, the contribution of three factors, namely pH, DOM 

and Ca, was highlighted in the leachability of the OMPs and metals in lime-amended 

biosolids. There are other physical and chemical properties of biosolids, such 

asuncertanities, monovalent cations, ionic strength, temperature and inorganic minerals, 

likely involved in the fate of OMPs and metals, as lime addition may also result in 
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modifications of these properties in biosolids. Future work to investigate the correlation 

between the OMPs’/metals’ leachability and these factors, as well as develop more effective 

measurement methods, in particular for OMPs with low recoveries, e.g. erythromycin, 

gemfibrozil and testosterone, are suggested to be of great help in fully explaining changes 

in the leachability of OMPs and metals in lime-amended biosolids.  

Based on the overall fate of OMPs determined in this study and earlier results reported in 

the literature, all the selected OMPs are assumed to be degraded over time, particularly in 

sewage sludge. As a result, the employment of LC/MS or LC/MS/MS with a library is 

recommended to ascertain if biodegradation by-products are present in samples, and 

specify what the metabolites are. The complete prevention of the microbial decomposition 

of the OMPs may also need to be confirmed by using such a technique, in particular for the 

biosolids amended with less than 10% lime for long period. Additionally, the influence of 

the metabolites on the detection of the parent OMPs should be investigated.  

Since a fraction of the OMPs was assumed to transfer to non-extractable forms by bonding 

to humic substances, analysis to determine the non-extractable fractions of the OMPs would 

be valuable. Analysis of the bound residues of the OMPs could adopt the methods outlined 

by Dodgen et al. (2014) and (Fan et al. (2007)), where 14C labelled OMPs and a Biological 

Oxidizer are involved. 

The OMPs were found to interact with DOM components, including microbial byproducts, 

aromatic protein-like organics and humic substances, using qualitative EEM and EEM-

PARAFAC analysis. Some quantitative analysis to determine the quenching effects of the 

OMPs for the DOM constituents, e.g. titration and fractionation of DOM, would be useful 

to better understand the correlation of DOM with the OMPs’ leachability.  

9.2.2 Geotechnical Issues Investigations 

Further geotechnical investigation of Rotorua biosolids, e.g. consolidation, effective stress 

strength parameters and the viscosity of the leachate would enable comparison of the 



Chapter 9 Conclusions and Recommendations for Future Work 

283 

 

geotechnical properties of Rotorua biosolids and Mangere biosolids. This could provide 

innovative ideas for the production, treatment and management of Rotorua biosolids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

284 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix I Experimental Methodology  

285 

 

Appendix I.Experimental Methodology 

AI.1. Quality Control of Measurement Methods 

Table AI.1. Summary of quality control and reliability validation for important 

analytical techniques applied and developed in the thesis 

Properties 
Measurement 

method 
Quality control Reliability validation 

OMPs 

MAE+SPE 

followed by 

LC/MC or HPLC 

Determination of average 

recovery, ME and PE, 

LOD and LOQ 

Triplicate analysis 

and internal 

techiques 

DOM 

functionality 
ATR-FTIR 

Run standard – humic 

substances purchased 

from IHSS; 

Spiking samples with 

standard 

Comparing with 

published results and 

triplicate analysis 

 

DOM 

composition 

EEM and EEM-

PARAFAC 

Trace metals 
MAE followed by 

ICP-MS 
External methods Tripilicate analysis 

AI.2. Sampling Date 

Table AI.2. Sewage sludge sampling dates throughout the thesis 

Chapter 4 5 6 7 

Sampling date 
2013.08.06 and 

2014.01.24 
2014.08.09 2015.02.02 2016.08.03 
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AI.3. Determination of the Influence of DOM on the 

Leachability of the OMPs 

To investigate DOM influences on the leachability of the OMPs, a batch-equilibrium 

experiment was carried out in triplicate by adding dry sewage sludge (passed through 2mm 

sieve) to the background solution containing 0.01 M NaCl, at a solid-to-solution ratio of 

1:10 at room temperature (20 ºC). 

The addition of DOM and OMPs, the adjustment of pH, and the incubation of samples 

followed the same procedures described in Section 7.2.2.2. The OMPs-spiked mixture of 

sewage sludge and background solution without DOM addition was considered as the 

control. After incubation, the pH of the sample was measured before being centrifuged, the 

supernatants then went through SPE extraction and finally the concentrations of OMPs 

were determined by a LC/MS system. 

AI.4. Determination of the Influence of DOM and Ca on the 

Leachability of the OMPs 

An experiment was set up to examine whether the existence of Ca influenced the 

leachability of the OMPs in this work, based on the observation that concentrations of Ca 

significantly increased after lime amendment. The background solution containing 0.01 M 

NaCl, used in the previous experimental work described in Sections 7.2.2.2, was replaced 

with CaCl2 at the same ionic strength in this experiment.  

The experimental set-up, DOM addition, pH adjustment, sample incubation, centrifugation 

and determination of the OMPs concentrations were as described in the previous sections, 

and are not repeated here. 

AI.5. Determination of the Influence of DOM and DOM(N) on 

the Leachability of CBZ  
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In this part of the work, CBZ was chosen as a represerntative compound to fully investigate 

if the DOM sources (DOM and DOM(N)) influenced leachability, since previous results 

(Chapter 6) indicates that the leachability of neutral pH-independent compounds were those 

most significantly influenced by DOM. CBZ is also one of the most commonly used 

pharmaceuticals in New Zealand. DOM and DOM(N) concentrations of 1000 mg/L were 

used in this experiment to compare the influences of DOM on the leachability of CBZ. 

The experiments were also conducted in triplicate using the batch-equilibrium technique at 

a dry solid-to-solution ratio of 1:10 (w:v) at 20 ºC. The experiment followed the same 

procedures described in Section 7.2.2.2, including pH adjustment to the range 5 to 11.4. 

The DOM/ DOM(N) levels were 1000 mg/L in the mixture of sewage sludge and background 

solutions, and the experimental solutions were spiked with 1.5 mL of 20 mg/L CBZ stock 

solution. A solution prepared without the addition of DOM and DOM(N) was considered as 

the control. 

After centrifuging the incubated samples, the supernatants were divided into 3 mL and 17 

mL aliquots for EEM-PARAFAC analysis and LC/MS analysis. 

AI.6. Determination of pH, DOM and Ca on the Leachability of 

the Selected Metals in Single and Mixed Metal System 

Three metal ions Cd, Cu and Ni were chosen to investigate in the batch experimentsdue to 

their sensitivity to lime amendment (see Fig. 8.1 and 8.3). The influences of lime 

amendment on the leachability of Cd and Pb, and the leachability of Cu and Zn were similar, 

based on the results derived from the tube and biorig experiments (Fig 7.1 and 7.3). 

However, more significant effects of lime amendment on the leachability of Cd and Cu than 

that of Pb and Zn were observedAll the experiments were carried out at the same ionic 

strength with a background solution containing 0.01 M CaCl2 for single and ternary mixed 

metal solutions, using the batch technique at room temperature (20~22 °C). The dried 

sewage sludge and background solution was mixed at the ratio of 1:10 (w:v). 1000 mg/L 
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of DOM stock solution (as used in Section 7.2.2.1) was added and stirred for 2 h. After this 

pre-equilibrium step, the metallic standard solution was added to obtain a final 

concentration of 20 mg/L in a final volume of 250 mL. The pH was then adjusted (0.8 unit) 

incrementally to a fixed value over the pH range 5.0~11.4 by the addition of a small volume 

of 0.1 M HCl and NaOH. After each pH value was achieved, about 20 mL of solution was 

collected and transferred to a 50 mL polypropylene centrifuge tube. The tubes containing 

solutions at different pH were then put in an end-to-end rotating mixer for the time 

necessary to reach adsorption equilibrium (24 h). The 1) metallic standard spiked 

suspension of sewage sludge and background electrolyte without DOM and the 2) 

suspension of sewage sludge and background electrolyte were considered as controls in 

investigating the impacts of DOM on the adsorption of metals ions, and the leaching 

concentrations of metals constituted in sewage sludge, respectively.  

Similarly, competition studies were conducted with the simultaneous addition of Cd, Cu 

and Ni standard solution over the same pH range, to ascertain if Ni can compete effectively 

with other metal ions and leach out from the sewage sludge.  

In addition, precipitation curves for the metallic cations as a function of pH were obtained 

without sewage sludge, under the same experimental conditions.  

It is noted that all the experiments were carried out in triplicate, the error bars, i.e. standard 

deviation, are not shown in all the results throughout this thesis. Particularly, the results 

derived from liquid phase sample (leachate), since the standard deviation is quite 

insignificant to be presented due to the very homogeneous sample matrix and well-

preparation for the measurements. In the case of the results obtained from solid phase 

samples, all the results are presented with the standard deviation. 
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Appendix II.Leachability of the Other 7 OMPs in 

Biosolids 

AII.1.  Leaching Rate of the OMPs With Time 

 

Figure A II. 1. Normalised leachability of the other a) and c) acidic OMPs, and the b) and 

d) neutral, pH-dependent OMPs in sewage sludge (dash line) and lime-amended biosolids 

(solid line) over 105 days (a) and b) under 115 kPa and c) and d) under 225 kPa) 
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AII.2. Quantity of the Leachability With Time 

 

Figure A II. 2. Leachability of the other 7 OMPs in biosolids over 105 days (sewage sludge 

under 115 kPa ( ) and 225 kPa ( ), lime-amended biosolids 115 kPa ( ) and 225 kPa 

( ) over 105 days of curing) 
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AII.3. The Leachability Over the pH Range 5~11.4 

 

Figure A II. 3. The leachability of the other 7 OMPs over pH range of 5~11.4 
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AII.4. The Leachability with DOM Addition Over the pH Range 

5~11.4 

 

Figure A II. 4. Leachability of the other 7 OMPs with the addition of DOM (8ppm DOM 

( ), 80 ppm ( ) and 1000 ppm ( ), and without DOM addition ( )) 
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AII.5.  The Leachability with DOM Addition and Ca Presence 

over the pH Range 5~11.4 

 

Figure A II. 5. Leachability of the other 7 OMPs at the presence of DOM and Ca (without 

the presence of Ca but with DOM addition ( ), with the presence Ca and DOM addition 

( ), and with the presence of Ca ( )) 
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AII.6.  Transformation of the Other Selected OMPs in Biosolids With and Without Lime 

Table AII. 1. Percentage of the other 7 selected OMPs in solid and liquid phase, and other transformation, after 105 days of curing 

Fraction 

(%) 

Solid phase1 Solid+Liquid phase2  Other 3 

Sewage sludge 

(kPa) 

Lime-amended 

biosolids (kPa) 

Sewage sludge 

(kPa) 

Lime-amended 

biosolids (kPa) 

Sewage sludge 

(kPa) 

Lime-amended 

biosolids (kPa) 

115  225  115  225  115  225  115  225  115  225  115  225  

FLU 6.3 3.6 8.4 6.7 6.6 6.2 12.5 7.2 93.4 93.8 87.5 92.8 

ERY 859.4 793.9 332.4 336.8 896.3 807.9 337.5 345.2 -796.3 -707.9 -237.5 -245.2 

TCS 20.2 18.6 7.4 15.4 20.8 19.1 8.3 16.9 79.2 80.9 91.7 83.1 

E1 18.7 17.2 15.2 14.7 99.5 91.6 59.3 60.2 0.5 8.4 40.7 39.8 

4-OP 21.6 23.9 2.3 3.3 23.2 24.8 2.9 4.0 76.8 75.2 97.1 96 

4-NP 4.4 3.5 4.1 3.2 4.4 3.6 4.1 3.2 95.6 96.4 95.9 96.8 
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Appendix III.Physicochemical Properties of DOM 

AIII.1. FTIR 

 

 

Figure A III. 1. FTIR spectra of a) sewage sludge and b) lime-amended biosolids under the 

overburden pressure of 225 kPa 
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AIII.2. EEM Analysis 

 

 

Figure A III. 2. Fluorescence EEM contours of a) sewage sludge leachate and b) lime-

amended biosolids leachate under the overburden pressure of 225 kPa 
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AIII.3. Molecular Weight Distribution 

 

 

Figure A III. 3. Molecular weight distribution of a) original DOM+CBZ and b) DOM 
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Appendix IV.Microstructure Analysis 

AIV.1. XRD 

 

 

 

Figure A IV. 1. XRD analysis of a) medium mussel shell amended biosolids and b) fine 

mussel shell amended biosolids 
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AIV.2. ESEM 

 

Figure A IV. 1. ESEM images of sewage sludge/biosolids after 21 days of curing 

 

Figure A IV. 2. ESEM images of sewage sludge a) day-21, 115 kPa, b) day-21, 225 kPa, 

and c) day-105, 225 kPa 

 

Figure A IV. 3. ESEM images of lime-amended biosolids a) day-21 115 kPa and b) day-21 

225 kPa
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