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Abstract

Endocrine disrupting compounds such as estrogenic steroid hormones (ESHs) are
problematic when present in waterways in terms of both the health of the ecosystem and
downstream water treatment. Dairy farms are some of the largest contributors to ESHs in
the environment. This study focused on a farm located in the Waikato region, New
Zealand, which housed 550, primarily grass-fed dairy cows. The farm included a rotary
milking shed, feed pad, sump, covered anaerobic pond and storage pond, with effluent
and sludge being applied to land. In this study concentrations of the conjugated and
unconjugated ESHSs, 17a-estradiol (17a-E2), 17B-estradiol (17p-E2) and estrone (E1), in
both dissolved and solid phases of dairy shed effluent, and covered anaerobic pond sludge
and effluent, were measured from grab samples over a period of nine months. These were
used to investigate seasonal variation and performance of the covered anaerobic pond in
removing the ESHs and their conversion from one form into another. Previously
published methods of ESH analysis were validated and adapted for ESH analysis in
dissolved and solid phases, and a new enzymatic method for conjugate ESH analysis was
tested and used. In addition, the effect of dosing the effluent with biochar was examined
on ESH removal. A covered anaerobic pond model was developed to examine the efficacy
of a dairy farm-based covered anaerobic pond treatment system to settle, transform,
absorb and remove ESHs. The model was calibrated utilising ESH measurements and
used to examine the effect of biochar addition and operational parameters on ESH

removal.

Overall ESH concentrations in the covered anaerobic pond influent, sludge and effluent
were 4,171 ng/L, 93,601 ng/L and 4,346 ng/L respectively. ESH concentrations peaked
in dairy shed effluent during April and July, which correlated with the late pregnancy and
calving periods on the farm. The mean organic carbon normalised adsorption coefficient
(Koc) for ESHs in the samples from the pond treatment system ranged between 3.06 mL/g
to 3.78 mL/g, comparable with published values in soil and wastewater sludge. Up to 99%
of the total mass of ESHs in the sludge and between 70-80 % in influent and effluent were
retained in the solids phase. The predominant ESH in the influent samples was 17a-E2
(2,869 ng/L), but E1 predominated in the sludge (85,414 ng/L) and in the effluent (3,140

ng/L). The dissolved and solid phases of dairy shed effluent contained the highest relative
i



proportions of conjugated ESHs with means of 25.1 % and 3.38 % respectively and
corresponding mean concentrations of 113 ng/L and 137 ng/L. In contrast, sludge and
effluent samples (dissolved and solid phases) from the covered anaerobic pond contained
smaller relative proportions of conjugated ESHs, 0.90 % and 1.21 %, and 7.17 % and
0.43 % respectively and corresponding mean concentrations of 6.65 ng/L and 967 ng/L,
and 52.5 ng/L and 19.7 ng/L respectively. These results demonstrate the importance of
considering the solid fraction within effluent treatment systems when analysing ESHs,
otherwise estrogenic load can be greatly underestimated. The conjugated ESHs were
present in both the dissolved and solid phases of all samples collected, indicating that
conjugated ESHs are persistent and can pass through anaerobic treatment systems
contributing to estrogenic load once applied to pasture, and potentially leach into
groundwater or migrate to nearby surface waters. Overall anaerobic treatment of dairy
waste decreased the contribution of 17a-E2 and 17p-E2 while increasing that of E1,

however, 173-E2 was the main contributor to total estrogenicity.

The calibration of the model developed provided a good fit with experimental data with
an R? of 0.98-0.99. Addition of biochar into dairy shed effluent and the model covered
anaerobic pond system resulted in an 89 % reduction of free ESHs but had a minimal
impact on conjugated ESH. Addition of biochar increased the solid phase ESH
concentration by 19 % settling out into the sludge and reducing overall estrogenic load in
the effluent. Operational factors such as higher influent flow rates and sludge
accumulation negatively impacted the covered anaerobic pond ESH removal performance.
Sludge accumulation and short-circuiting caused by infrequent removal and shallow
depth of the covered anaerobic pond system resulted in mixing of fresh influent with the
upper layer of pond sludge, leading to decreased removal efficiency. To enhance the
covered anaerobic pond system's performance, increasing the retention time and reducing
sludge carry over by increasing pond volume and depth, resulted in ESH removal
increasing to 67.9 % (no biochar) and 73.0 % (with biochar), and estrogenicity reduction
improving to 70.4 % (no biochar) and 73.5 % (with biochar).
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Chapter 1:

Introduction

This chapter provides background information for the research topic and the justification
and scope of the research. It includes information regarding the endocrine system, the
production and role of hormones and excretion mechanism. This chapter also provides
information about endocrine system disrupting chemicals and the link to estrogenic
steroid hormones, as well as the general impact of steroid hormones as exogenous
pollutants on humans and ecosystem when these are released into the environment. Also
included are the analytical methods to determine estrogenic steroid hormones, the related
regulations and guidelines, and the scope and justification of the research including the

knowledge gaps.
1.1 Background

The hypothesis that there are chemicals within the environment that may exhibit
endocrine disrupting effects was raised in the early 1900°s (Allen et al., 1924; Dodds et
al., 1938). The concern was raised due to reports of increased incidences of endocrine
related diseases in humans, as well as physiological effects observed in wildlife. Despite
early evidence, environmental issues associated with endocrine disrupting chemicals
(EDCs) only became a popular topic for research in the last 10-30 years (Birkett, 2003).
The popularity is due to the link between EDCs and the significant potential risk to
interfere with normal biological functions leading to health effects associated with the
reproductive system and other endocrine related diseases (Adeel et al., 2017; Kabir et al.,
2015; Mills & Chichester, 2005; Moore et al., 2016; Tetreault et al., 2011; Toppari &
Skakkebzk, 2000; U.S. Environmental Protection Agency, 1997; World Health
Organization, 2012a; Ziegler et al., 2015).

According to the United States Environmental Protection Agency (US EPA), “endocrine
disruptors, are chemicals that interfere with the synthesis, secretion, transport, binding,
action, or elimination of natural hormones in the body that are responsible for
maintenance, reproduction, development, and/or behaviour” (U.S. Environmental

Protection Agency, 1997).
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EDCs include a wide range of substances that have been shown to exhibit endocrine
disrupter activity. These include both natural and man-made chemicals, including
alkylphenols (APs), phthalates, bisphenol-A (BPA), pesticides, estrogenic steroid
hormones (ESHs) and inorganic substances such as cadmium and mercury (Figure 1-1)
(Birkett, 2003a; Khetan, 2014). These compounds have different chemical structures but
all of them have the capacity to disrupt normal hormonal actions when released into the
environment (Birkett, 2003b; Khetan, 2014).

Due to the high incidence and increased trends of many endocrine related disorders in
humans, the observed endocrine related effects in wildlife populations and the
identification of chemicals with endocrine disrupting properties linked to disease
outcomes in research studies, the World Health Organisation (WHO) has published a list
of evidence for endocrine disruption in human and wildlife; the list comprises many
hundreds of studies. Some examples of areas in which EDC in the form of ESHs were
found to be or suspected to be related to human and wildlife health are reproduced below
(World Health Organization, 2012).

e Female reproductive health.

e Male reproductive health.

e Female and male sex ratio imbalances in humans and wildlife.

e Thyroid-related disorders.

e Hormone-related cancers such as breast, endometrial, ovarian and prostate
cancers.

¢ Neurodevelopmental disorders in children and wildlife.

e Metabolic disorders such as obesity and diabetes.

e Bone disorders.

e Immune function and diseases in humans and wildlife.
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Figure 1-1: Groups of potential endocrine disrupters (Khetan, 2014)

Global and New Zealand (NZ) studies have found that dairy cows and dairy shed effluent
(DSE) are the largest source of naturally occurring endogenous steroid hormones entering
the environment (Lange et al., 2002; Hanselman et al., 2003; Kolodziej et al., 2004) and
they exceed any other agricultural activity or municipal and industrial sources (Sarmah et
al., 2006; Gadd et al., 2010a; Gadd et al., 2010b). Therefore, this research was designed

to focus on DSE and DSE treatments.
1.2 The endocrine system

The endocrine system is found in all vertebrates and many invertebrates and is comprised
of the brain and hypothalamic neuroendocrine systems, glands (such as the pituitary,
thyroid and mammary), hormones and receptors that respond to the hormones, the
cardiovascular system, adipose tissue, and pancreas, the ovary and uterus in females and
testes and prostate in males, all of which can be susceptible to EDCs when these enter the
body via the digestive system or by other routes (Birkett, 2003a; Khetan, 2014).

The similarities of the anatomy of human and dairy cow bodies are presented in Figure
1-2.
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Figure 1-2: Endocrine systems in human (Khetan, 2014) and dairy cow (Hormones Endocrine System).

Hormones play an important communication role within the endocrine system. They act
as natural chemical signals produced from particular groups of cells to influence bodily
functions (Rattan and Sharma, 2017). Hormones provide communication from one
tissue/cell to others within an organism and are involved in the dynamic control of
biochemical and physiological functions. For example, hormones control and regulate
blood sugar levels, body growth and energy production, neuroendocrine and
immunological system and the function of reproductive organs (Rattan and Sharma,
2017).

1.2.1 Estrogenic steroid hormones

ESHs are a group of natural hormones that play a critical role in many physiological
processes in both females and males. ESHs include three main hormones: estradiol (E2)
(most abundant and most potent), estrone (E1) and estriol (E3) (Khetan, 2014). The roles
of ESHs include normal growth, development, reproduction, behaviour, metabolism,
bone homeostasis, and regulation of the nervous and cardiovascular systems (Kazeto et
al., 2004). In males, ESHSs regulate the sexual behaviour, maintenance of the skeleton and
the cardiovascular system, and the functioning of testes and the prostate (Khetan, 2014).
Only ~20% of the ESHs are produced by the testes in men, with the remainder from local
production that converts testosterone to ESHs by adipose tissue, brain, skin and bone by

reactions catalysed by the enzyme aromatase (Cooke et al., 2017). In woman, ESHSs help

4
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develop and maintain both the reproductive system and female characteristics. These are
largely produced by the ovaries and the placenta (the latter during pregnancy only). E2 is
the most common type of ESH in females during their reproductive years, while E3 and
E1l levels increase during pregnancy and the post reproduction period respectively
(Khetan, 2014).

1.2.2 Biological function and excretion of estrogenic steroid hormones

When ESHSs produced in the body enter the blood, they are either free or bound to a
protein. The free ESHs penetrate the cell surface of target tissues due to their lipid-soluble
characteristics and then bind to a protein known as an estrogen receptor (ER) (alpha or
beta). The interaction between the hormone and its receptor triggers a cascade of
biochemical reactions in the target cell that eventually modify the cell’s activity (Khetan,
2014) (Figure 1-3).

09O . - .@. Transcription
% = =

Par: AWV
Estrogenic Ligand Dimerization
ligands binding and DNA
binding

Figure 1-3: Activated ESH receptor signalling and initiation of responsive genes (Khetan, 2014).

Inactivation of the ESHs occurs when ESHs do not reach the target cells or when protein
synthesis is completed. The non-functional ESHs will typically pass via the liver and
kidneys, be modified to a weaker form and/or be conjugated by the addition of sulphate
or glucuronide groups before excretion; conjugation increases water solubility thus
facilitating removal in the urine or other aqueous secretions (Norris and Carr, 2005)
(Information regarding the chemical structure and properties of the free and conjugated
ESHs are presented in Chapters 2 and 3). ESHs are excreted primarily through the urine
and faeces but smaller amounts can be found in saliva, sweat, and breast milk. Daily
excretion rates of ESHs depend on the type, sex and reproductive state of the
animal/human. Previous studies in NZ identified dairy cows as the main source of potent
biologically active ESHs entering the NZ environment, and DSE in NZ has been

demonstrated to contain higher concentrations of ESHs compared to effluents from
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piggeries, goat farms, or municipal wastewater (Sarmah et al., 2006; Gadd et al., 2010g;
Gadd et al., 2010Db).

1.3  Endocrine disruption and estrogenic steroid hormones

ESHs are among the most potent endocrine disrupting chemicals in nature (Khetan,
2014). When the ESHs (free and/or conjugated) excreted from the body (human and/or
an animal) are not treated appropriately and are released into the environment, they can
create health effects by impacting the endocrine system of wildlife and human. These
effects include interferences with receptor signalling or activation of other signalling
pathways and/or artificial binding that mimics or blocks the natural estrogens. All these
effects can create abnormal responses that prevent correct functioning of the body
(Birkett, 2003; Khetan, 2014). Further examples of the endocrine disrupting impacts of

ESHs will be presented in subsequent chapters within this thesis.

1.4 Regulation and guidelines related to estrogenic steroid hormones

To date, EDCs are unregulated globally. This is likely due to the existing gaps associated
with the linkage between exposure to EDCs and endocrine diseases in humans and limited
validated test methods for the identification of endocrine disrupting effects (World Health
Organization, 2012). However, the United States, Japan and the European Union have
recognised the potential risk that these emerging contaminants are presenting to the
environment and the impact on human and wildlife. As part of this recognition, several
strategies have been put in place which include the development of monitoring methods
and assessment of the risks of EDCs (European Commission, 2016; U.S. Environmental
Protection Agency, 2017b).

The European Commission (EC) established the registration, evaluation, authorisation,
and restriction of chemicals (REACH). REACH aims to improve the protection of human
health and the environment through earlier identification of potentially problematic
chemical substances. In REACH, EDCs are of similar regulatory concern as substances
of very high concern (European Commission, 2016). The EC is currently working on a
proposal for science-based criteria for EDCs, to assess the risks posed by EDCs, using a
combination of computer methods and automated laboratory tests (Anderson et al., 2012)
as well as on a “Better Regulation Guidline”. Previously the EC produced a roadmap of
6
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defining criteria for identifying EDCs in the context of the implementation of plant
protection products and biocidal products for regulation. An advisory group was
established with the aim of supporting the establishment of criteria for identification of
EDCs and produced a priority list of EDCs substances for further evaluation. Among the
prioritised list of EDCs, evidence supported the inclusion of 17B-E2 and E1 as affecting
reproduction and development of fish (Johnson and Harvey, 2002).

The Japanese Ministry of Environment regards endocrine disrupting effects on human
health and wildlife as an important issue and has published strategic programmes on
environmental endocrine disruptors (SPEED) (Ministry of the Environment, 2010). The
purpose of SPEED was to promote further studies and monitoring of EDCs, as well as
observation of wildlife. In July 2010, “Further Actions to Endocrine Disrupting Effects
of Chemical Substances” was published (EXTEND2010). The programme aimed to
accelerate the establishment and implementation of assessment methodologies toward the
goal of properly assessing the environmental risk of endocrine disrupting effects of

chemical substances and to take management measures as necessary.

In 1996, legislation in the United States approved the decision to establish a screening
programme that would provide the necessary information to make regulatory decisions
about endocrine effects of chemicals (U.S. Environmental Protection Agency, 2017a).
Since then, advisory committees, screening methods and programmes and work plans
have been formed and lists have been published of chemicals and substances that may
cause endocrine disruption (U.S. Environmental Protection Agency, 2017b).

In NZ, there are many potential guidelines in which EDCs might be included to ensure
they are monitored and mitigated. Some examples include the Australian and NZ
guidelines for fresh and marine water quality and NZ Municipal Wastewater Monitoring
Guidelines. While ESHs may not be explicitly mentioned in some of the guidelines, they
are often classified under the broader category of persistent organic pollutants (POPs).
For instance, the NZ Municipal Wastewater Monitoring Guidelines have a section on
endocrine disruptors in the effluent monitoring section, and the Landfill Guidelines
include organic contaminants such as Polybrominated biphenyls (PCBs), Polychlorinated
terphenyls (PCTs), and Polychlorinated biphenyls (PBBs) that are considered EDCs. The

7
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management of ESHs in NZ is also achieved through resource consent applications,
which involve the assessment of environmental effects (AEEs), technical reports, and
resource consent monitoring. The management of ESHs through consent application is
being increasingly applied during reconsenting of wastewater treatment plant discharges.
The applicant is often asked and/or required to assess the risk of emerging organic
contaminants in the discharged treated effluent which includes natural and synthetic
steroid hormones, the industrial phenolic xenoestrogens, BPA and phthalate esters.
Additionally, the state of the environment (SOE) monitoring reports produced by regional
councils might provide valuable information on the health of ecosystems and the presence
of ESHs in different regions. NZ also has various tools and programmes which might aid
in the monitoring and management of ESHSs, including the Envirolink programme, which
provides a range of tools such as the Estuarine Trophic Index (ETI) Tool, Urban water
quality tool, and eco sediment guideline value tool, among others. Council special interest
groups (SIGs) and other data gathering initiatives might also provide additional
information on the presence and effects of ESHSs in the environment.

1.5 Determination of estrogenic steroid hormones

Methods available to determine steroid hormones include gas chromatography (GC) or
liquid chromatography (LC) (Gunatilake et al., 2013; Hanselman et al., 2006) coupled
with mass spectrometry (MS), usually with prior isolation of the ESH from the matrix.
For a mixture of estrogens in a matrix, total estrogenic activity can be tested using in vitro
assays such as the E-screen (Gadd et al., 2010b; Tremblay et al., 2018), binding assay
(Sarmah et al., 2006), enzyme-linked immunosorbent assay (ELISA) and a yeast estrogen
screen (YES) (Zhao et al., 2009).

The most cost-effective method is to initially undertake activity screening of samples
which might contain a large number of compounds (Beresford et al., 2000). The screening
can be done relatively quickly, normally by an in vitro assay (Beresford et al., 2000;
Voulvoulis & Scrimshaw, 2003). The assay analysis will confirm the existence of
estrogenic chemicals and if the test was found to be positive, chemical analysis can be
undertaken to identify the present of individual EDCs (Voulvoulis & Scrimshaw, 2003).
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Another approach is using the activity assay methods to guide chemical analysis methods.
The assay results provide a measure of total estrogenic activity, which can be compared
with the sum of the estrogenic equivalent activity calculated from the measured
concentrations of individual EDCs and their corresponding bioassay specific estradiol
equivalent factors (EEQ). This approach has been used in a number of previous studies
(Gadd et al., 2010b; Sarmah et al., 2006; Tremblay et al., 2018).

Chemical analysis of EDCs has some challenges, especially when the sampling involves
a complex matrix such as dairy effluent that may contain many compounds that can
interfere with the analysis (Gunatilake et al., 2013; Hanselman et al., 2006; Zhao et al.,
2009). The chemical analysis for testing steroid hormones in dairy effluent and solids
uses either GC-MS or LC-MS instruments (Gadd et al., 2010b; Hafner et al., 2017;
Hanselman et al., 2006; Liu et al., 2012b; Sarmah et al., 2006; Tremblay et al., 2018;
Zhang et al., 2014b). Both LC-MS and GC-MS methods are multi-residue techniques that
are suited to determining several components at the same time. Many of the current
studies analysing steroid hormones use GC-MS to measure free parent estrogens, such as
17a-E2, 17B-E2, and E1, following chemical derivatisation (Gadd et al., 2010b;
Hanselman et al., 2006; Sarmah et al., 2006; Tremblay et al., 2018), while the more polar
and labile conjugated estrogens are analysed using LC-MS-MS for higher sensitivity and
specificity (Gadd et al., 2010b; Zhang et al., 2014b).

To ensure reliable analysis, preservation, filtration, and purification/clean up steps of raw
sample extracts are required before derivatisation and/or instrumental analysis
(Gunatilake et al., 2013; Hanselman et al., 2006; Sarmah et al., 2006; Socas-Rodriguez
et al., 2017). The method used in this research was GC-MS for both free and conjugated
ESHs. Details regarding the preparation steps and the chemical analytical methods and
quality assurance used in this research are presented in Chapters 2 and 3.
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1.6 Research Scope and Justification

1.6.1 Agricultural and environmental aspects

During recent years, the approach to disposal of effluent, both domestically and
internationally has involved applying animal waste or sludge bio-solids back onto the
land (U.S. Environmental Protection Agency, 2001; Dairy NZ, 2014; Adeel et al., 2017).
The rationale driving this approach was the realisation that the beneficial nutrients
contained in dairy shed effluent promoted superior growth of grass (Manono et al., 2016;
Fanetal., 2017), as well as reduced rates of nutrient leaching into ground water compared
to inorganic fertilisers (Fan et al., 2017). However, these effluents contain significant
quantities of steroidal hormones, which are naturally excreted by cows (Sarmah et al.,
2006; Gadd et al., 2010; Sim et al., 2011) and which, even in small concentrations as low
as parts per trillion, have an impact on human, animal and aquatic life in terms of
reproductive health, sex ratio imbalances and hormone-related cancers and disorders
(Gomes and Lester, 2003; World Health Organization, 2012; Adeel et al., 2017).
Steroidal hormones in effluent discharged onto land may accumulate and percolate
through the soil into the ground water or run off in surface water and enter waterways
(Steiner et al., 2010; Mina et al., 2017; Tremblay et al., 2018). It is clear that monitoring

and reduction of ESH in effluent is necessary.

Domestically, the dairy industry and regional authorities have encouraged dairy farmers
to manage the dairy shed and feed pad effluent using a farm dairy effluent system. The
farm dairy effluent system includes many different configurations. Farmers can select the
effluent system according to their financial requirements, the farm’s future intentions, and
operational and soil conditions, as long as they adhere to the regional council restrictions.
These restrictions are specific to every regional authority and normally include maximum
effluent application depth and rate, and maximum nutrient loading, along with other
measures such as sufficient effluent storage during wet conditions, properly sealed pond/s
and no irrigation near water courses. However, little is known about the performance of
any of the dairy farm effluent systems, particularly covered anaerobic ponds (CAPS), in
removing emerging contaminants such as ESHs. The absence of advanced dairy treatment

systems such as enhanced aerobic biological processes makes the dairy effluent the
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highest contributor of steroidal hormone contamination to the NZ environment, and thus

a risk both to humans and other organisms.
1.6.2 Research aspects

Currently there is an overall gap in research knowledge associated with as the
environmental impact of ESHs in dairy shed effluent. Science and regulatory
organisations worldwide are required to collect more information regarding the testing
methods, occurrence, fate and removal of EDCs in animal and human waste (Ministry of
the Environment, 2010; World Health Organization, 2012). The research described in this
thesis contributes to an increased understanding of ESH in dairy effluent and their fate
and could be used to inform regulations and practices regarding the management of these

chemicals as follows:

1. Testing method: Chemical methods to analyse the free and conjugated ESHSs in both
dissolved and solid phases of DSE were developed and verified.

2. Occurrence: A longitudinal study was conducted to identify the levels of ESHs
present in treated effluent and sludge, and their DSE source.

3. Fate: A longitudinal study was conducted to understand how ESHSs are transported
and degraded in a DSE treatment system, a covered anaerobic pond.

4. Removal: A longitudinal study and experimental work were conducted to identify a
cost effective and farm friendly method for removing ESHs from DSE, as well as

preventing it reaching the environment.

11
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1.6.3 Research scope

This research focussed upon steroid hormones conjugated and unconjugated and their
metabolites in dairy shed effluent. These have already been demonstrated to be a problem
in the NZ ecosystem (Gadd et al., 2010b; Tremblay et al., 2018). The research
characterised and quantified the ESHSs released from a 550 dairy cow farm milking shed
and feed pad, and within the sludge and effluent of the CAP. Following characterisation
and quantification, adsorption of the ESHs in both solution and real sample by powdered
biochar was investigated. Ultimately the data gathered from the analysis work and Kinetic
and adsorption trials was used to feed a model that was designed to simulate the
performance of an effluent treatment system comprised of covered anaerobic and storage
ponds with and without upgraded treatment by powdered biochar. The model was used
to assess the treatment performance and potential environmental implication and provide

recommendations for future work (Chapter 7).

This research aims to provide answers to the following overall questions. Sub questions
and objectives derived from these research questions are mentioned in each individual
research chapter (Chapters 2 — 6).

1. What are the quantities and forms of ESHSs present in dairy farm effluent?

2. What is the fate of ESHs in CAP dairy farm effluent treatment systems?

3. Is it possible to improve the performance of an on-farm dairy effluent treatment
system in removing ESH loads by using biochar made from waste residue from
the timber industry?

4. What is the efficacy of a dairy farm-based CAP treatment system to transform and

remove ESHs?

12
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1.7  Thesis Structure

This thesis is divided into six further chapters. Chapters 2 to 6 are research chapters, and
the final chapter presents general conclusions and recommendations. The research
chapters are presented in this thesis in a way that one piece of research provides the basis
for the following research work. Each research chapter includes its own associated
introduction (literature review), materials and methods, results and discussion, and
conclusion sections and are formatted in a way that can be easily transferred into a

manuscript for publication.

A brief description of the content included in each chapter will be presented below.

Chapter 2: Ignoring the solid phase significantly underestimates free ESHSs in dairy
shed effluent and effluent treatment systems — This chapter presents the results of a
longitudinal study investigating the fate and transformation of the free ESHs of a CAP /
anaerobic digestion dairy effluent treatment system by conducting a chemical analysis of
the free ESHs in the CAP influent, effluent, and sludge in both dissolved and solid phases.
The literature review includes information concerning dairy farming as a principal source
of ESHs into the environment, the ability of ESHs to reach water sources, the
physicochemical properties of the most abundant free ESHs and the characteristics of
CAP as animal wastewater treatment system. This research required the development and
refinement of an analytical method to analyse the free ESHSs in the dissolved and solid
phases of dairy effluent and sludge.

Chapter 3: The importance and fate of the conjugated ESHs in dairy shed effluent
and an effluent treatment system — This chapter presents the results of a longitudinal
study investigating the fate and transformation of the conjugated ESHs of a CAP /
anaerobic digestion dairy effluent treatment system by conducting a chemical analysis of
the conjugated ESHs in the CAP influent, effluent and sludge in both dissolved and solid
phases. The literature review includes information regarding the different types of
conjugated ESHs associated with dairy cows, the physicochemical properties, and
characteristics of the conjugated ESHs and the removal and transformation of conjugated
ESHs during wastewater treatment processes. The literature review also discusses the

different methods to analyse the conjugated ESHSs. This research included the validation
13
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work of a new commercial enzymatic deconjugation product and required the
development and refinement of an analytical method to deconjugate the conjugated ESHs
in the dissolved and solid phases of dairy effluent and sludge so that the conjugated ESHs
could be analysed (as free) using the analytical method developed and presented in
Chapter 2.

Chapter 4: Sorption of ESHs on NZ grown Pinus radiata powdered biochar — This
chapter presents the results of the characterisation of the biochar used to adsorb the ESHs,
and clean water adsorption and kinetic studies. The literature review presents information
regarding adsorption as a mechanism to remove ESHs, kinetic and isotherm adsorption,
characterisations of different adsorbents and the pyrolysis system and production of the
powdered biochar. This research included the preparation and analysis of a selected
biochar to be used to adsorb ESHSs, determination of powdered biochar to solution ratio,
kinetic and isotherm experiments and calculation of adsorption and distribution
coefficients. The analytical method developed in Chapter 2 was used in this paper to

analyse the ESHs adsorbed onto the powdered biochar.

Chapter 5: Sorption of ESHs by dairy shed effluent dosed with powdered biochar —
This chapter presents a preliminary investigation into the adsorption of ESHs by dairy
shed effluent dosed with powdered biochar. The literature review includes information
regarding the inorganic and organic materials found in dairy shed effluent, adsorption
interference mechanisms, common adsorption pre-treatment methods, anaerobic
digestion system and the benefits and usages of biochar. Similar to Chapter 4, this paper
includes kinetic and isotherm experiments, calculation of adsorption and distribution

coefficients and the use of the analytical method developed in Chapters 2 and 3.

Chapter 6: Modelling the efficacy of a dairy farm based CAP treatment system to
transform and remove ESHs — This chapter presents modelling of ESH removal
capabilities of a dairy farm effluent management system which includes a dairy shed and
feed pad, effluent sump, a CAP and a storage pond designed to recover the treated effluent
and sludge to fertilise the farm pasture, as well as an estimated performance of an
improved effluent treatment system based on the treatment method and the research

results presented in Chapter 4 and 5. The literature review includes details regarding the
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NZ dairy farming waste loads and dairy farm operation protocols and treatment systems.
It provides the results reported by previous studies assessing the treatment capabilities of
different treatment systems to remove ESHs and the different removal mechanisms of
ESHSs. This research included additional estrogenic steroid hormone analysis work and

the development and testing of a model.
Chapter 7: Conclusions and Recommendations — This chapter provides conclusions

with respect to the overall objective of the research as well as presenting

recommendations for future research.
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Chapter 2:
Ignoring the solid phase significantly underestimates
free estrogenic steroid hormones in dairy shed

effluent and effluent treatment systems

Previous studies investigating the fate and concentration of estrogenic steroid hormones (ESHSs)
in dairy shed effluent (DSE) treatment systems have focussed solely on the dissolved phase
and ignored the solid phase. By doing so, these studies have ignored a substantive source of,
and sink for, ESHs within dairy shed effluent treatment systems. The main objective of this
study is to provide new insights and perspectives on the distribution and fate of ESHs beyond
that of previous studies by measuring the concentration of free ESHs in both dissolved and

solid phases during treatment in a covered anaerobic pond (CAP).

2.1 Introduction

The endocrine disrupting impacts of ESHs within aquatic ecosystems and human health are
well recognised and documented (Sumpter, 1995; Barber et al., 2011; Bergman, 2013).
Municipal wastewater effluent and animal wastes are the two largest sources of ESHSs to the
environment (Hanselman et al., 2003; Hutchins et al., 2007). Dairy cows are the largest source
of agricultural sourced endogenous steroid hormones entering the environment (Lange et al.,
2002; Hanselman et al., 2003; Kolodziej et al., 2004), excreting larger quantities of ESHs than
swine or chicken (Zhang et al., 2014). Dairy cows are estimated to contribute around 79% of
total ESHs released by farmed animals in the European Union and 90% in the United States
(Lange et al., 2002; Kolodziej et al., 2004).

Previous studies in New Zealand (NZ) identified dairy farm effluents as the principal source

of potent biologically active ESHs entering the NZ environment, and DSE in NZ has been

demonstrated to contain higher concentrations of ESHs compared to effluents from piggeries,
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goat farms, or municipal wastewater (Sarmah et al., 2006; Gadd et al., 2010a; Gadd et al.,
2010b).

ESHSs, which have been deposited or discharged onto land via direct faecal and urinary deposits,
irrigation using treated effluent, or land application of pond sludge or dewatered manure, can
leach through soil into groundwater (Arnon et al., 2008; Steiner et al., 2010) or migrate with
surface runoff into adjacent waterways (Kjaer et al., 2007; Mansell et al., 2011). Consequently,
intensive dairy farming has been demonstrated to be a significant source of ESHSs in streams
and groundwater in freshwater catchments in NZ (Tremblay et al., 2018), and other countries
(Matthiessen et al., 2006; Arnon et al., 2008; Alvarez et al., 2013).

In 2017, more than 17,550 square kilometres of land were used for dairy farming in NZ
(Ballingall and Pambudi, 2017), supporting 6.4 million dairy cows in 2018 (StatsNZ, 2019)
and generating approximately 380,000 m® of captured dairy effluent per day (Heubeck. et al.,
2014). Dairy farming operations are increasingly challenged to treat and manage the high

volumes of dairy cow waste captured from milking, feeding, and sheltering systems.

The naturally occurring endogenous steroids 17a-estradiol (17a-E2), 17B-estradiol (17p-E2),
and estrone (E1) are the most abundant ESHs in dairy farm waste (Sarmah et al., 2006;
Hutchins et al., 2007; Zheng et al., 2008; Gadd et al., 2010b). The physicochemical properties
of E1, 17a-E2, and 17B-E2 (Figure 2-1) are such that they distribute between the dissolved and
solid phases due to hydrophobic partitioning to particulate organic matter (POM) (Scrimshaw
and Lester, 2003; Sarmabh et al., 2008).

OH

HO HO

Estrogenic steroid hormone Estrone 170-estradiol 17B-estradiol
Formula C18H2202 C13H2402 C13H2402
Molecular weight (g/mol) 270.37 272.39 272.39
Aqueous solubility (mg/L at 25°C)* 0.8 3.90 3.90
Log Kow® 3.43 3.94¢ 3.94
EEQP 0.02 0.01 1.00

A (Kennedy and Jin, 2006), & (Ying et al., 2002), € Assumed to be similar to 17p-estradiol, ® Estrogen equivalents from ER Calux
(Kolkman et al., 2013).

Figure 2-1: Physicochemical properties of the most common estrogenic steroid hormones in dairy farm effluent.
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Treated dairy farm effluent and sludge have a relatively high solids content (0.3 % to 6 %)
enriched with organic matter (OM) (40 % to 60 %), (Fyfe et al., 2016). This OM, derived from
plant residues, proteins, fats, carbohydrates, lignin, celluloses, humic material, and
microorganisms (Page et al., 2014; Fyfe et al., 2016) provides a diverse organic substrate for

hydrophobic sorption and retention of ESHs (Lee et al., 2003; Bonin and Simpson, 2007).

Previous studies have investigated the concentration and fate of ESHSs in dairy shed effluent
(DSE), treated pond effluent, manures, and animal waste (Raman et al., 2004; Hutchins et al.,
2007; Gadd et al., 2010b). Most studies reporting the fate of ESHs during DSE treatment have
investigated multiple pond or lagoon systems (Kolodziej et al., 2004; Raman et al., 2004;
Sarmah et al., 2006; Hutchins et al., 2007; Zheng et al., 2008) or advanced pond treatment
systems (Gadd et al., 2010b). In comparison, little is known about the fate of ESHs in DSE
during treatment in anaerobic ponds or lagoons, and particularly in CAPs that are being
increasingly used to recover methane for on-site energy co-production. Similarly, relatively
few studies have analysed ESHs in both the liquid and solid phases of DSE and dairy farm
effluent treatment systems (Zhang et al., 2014; Noguera-Oviedo and Aga, 2016). The growing
practice of recycling pond sludges and treated effluent recovered from DSE to land in NZ as a
source of soil nutrients means a previously unquantified and significant source of ESHs
entering the environment is likely to have escaped attention.

This chapter describes how to address this knowledge gap by:
e measuring the concentration of free ESHSs in the dissolved and solids phases of influent,
sludge, and effluent of a CAP treatment system.

o calculating the distribution of free ESHs between solids and dissolved phases of CAP
influent, sludge, and effluent.
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2.2 Materials and Methods

2.2.1 The study farm

Samples of influent, sludge and effluent were obtained from a CAP effluent treatment system
(ETS) in a 200-hectare dairy farm supporting a herd of 550 dairy cows in the Waikato Region
of NZ. Photographs of the dairy shed, feed pad and effluent collection sump, CAP and sludge
port, CAP outlet chamber, and storage pond are presented in Figure 2-2.

(b) Feed pad displaying feeding trough running through the
centre and combined faecal and urine waste

(c) Sump — collection point of Influent sample to the CAP (d) CAP and collection port for obtaining sludge samples
(arrow)
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(e) CAP outlet chamber — collection point of effluent (f)  CAP effluent storage pond
samples

Figure 2-2: Photographs of the farm effluent treatment systems and sampling points

During and after milking the dairy shed is washed with bore water, the milking yard with
recycled green water from the treated effluent storage pond (approximately 4 m®/day) and both
are collected in a flood wash tank. The contents of the flood wash tank are used to wash cow
manure and urine from a feeding pad (1,400 m?) throughout the year. Approximately 39 m3/day
of combined milking shed and feeding pad wash water (described hereafter as DSE) is collected
daily in a mechanically mixed sump (50 m®) and pumped once or twice a day into the CAP
treatment system (1,500 m®, 3.75 m deep, approximately 35 days retention time) designed to
capture methane for energy production. The treated effluent from the CAP discharges into a
5,000 m?® lined storage pond from whence it is spray irrigated onto farm pasture. The sludge
retained within the CAP accumulates for 10 to 16 months before it is spread onto farm pastures

as a nutrient source.
2.2.2 Sample collection and preservation

Grab samples of DSE, sludge and effluent were collected from March to November 2018 from
the influent sump (A), CAP sludge port (B) and outlet of the CAP (C) (Figure 2-3) after
morning milking and washing of the dairy shed and feed pad. The influent within the sump
was mixed by a mechanical stirrer for five minutes before collecting a sample with a stainless-
steel bucket. Sludge was sampled from the CAP at the de-sludge pipe located halfway along
the side of the pond and 300 mm above the pond floor. The CAP effluent was collected with a

stainless-steel bucket from the outlet weir.
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Delivery pipe - CAP influent

Sludge port / B
sludge to spread on N
pasture

Wash water from bore Recycled/Green water

® Pump and stirrer Treated effluent to irrigation
A Dairy shed effluent sample point
B Sludge sample point

C Treated effluent sample point

Figure 2-3: A plan view of the study farm CAP effluent treatment system and sampling points

Each sample was mixed, pH and temperature were measured, and the sample transferred into
pre-cleaned 2-L glass Schott bottles and 1-L polyethylene bottles and transported on ice to the
laboratory. The 1-L samples were analysed for physical and chemical parameters. The 2-L
samples were preserved within 4 hours of collection by adjusting the pH to 2.5 with
concentrated sulphuric acid. The acidified samples (~1.5 L) were transferred into 250 mL
polyethylene centrifuge tubes and centrifuged in a Sorvall RC 5C Plus centrifuge (10 °C, 30
min,10,000 rpm). The supernatant was decanted and filtered through a glass microfiber filter
(topped with a 5 mm layer of Hyflo Supercell C22 filter aid) and collected in a glass Schott
bottle (1 L) and subsequently stored at 4 °C before extraction of ESHs (within 20 hours of
collection). The pellets of solids were transferred into glass jars, capped, frozen (-20 °C),
lyophilized (Labconco FreeZone 12 plus freeze dryer) and stored at -20 °C.

2.2.3 Chemicals and materials

All solvents (HPLC grade), glass microfiber filters (GE Healthcare GF/F, 47 mm diameter),
Hyflo Supercell C22 filter aid (VWR Chemicals) were supplied by ThermoFisher Scientific,
NZ. Deionized water was supplied by a Milli-Q Millipore Integral 5 system. DL-Estrone-
13,14,15,16,17,18-13C6 (**C6-E1) and DL-Estradiol-13,14,15,16,17,18-13C6 (**C6-E2) with

an isotopic purity>99 %, were supplied by Cambridge Isotope Laboratories, 17p3-estradiol-
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2,4,16,16-d4 (17p-E2-d4) and Estrone-2,4,16,16-d4 (E1-d4) (isotopic purity>98 %) were
supplied by CDN Isotopes, and 17a-E2, 17B3-E2 and E1 (purity>99 %) were supplied by Sigma
Aldrich NZ. General purpose Ottawa sand (20-30 mesh), 19 mm diameter cellulose and GF/F
filters (Dionex), and Hydromatrix (Dionex) used for accelerated solvent extraction (ASE),
together with di-potassium hydrogen orthophosphate and monopotassium phosphate (both
Ajax FineChem, >99 %) were obtained from ThermoFisher NZ Ltd. Waters Oasis HLB solid-phase
extraction (SPE) cartridges (6 mL/500 mg and 12 mL/1 g) were obtained from Alphatech Systems
Ltd NZ. Biotage Isolute Florosil (6 mL/1 g and 15 mL/2 g) cartridges and bulk aminopropyl (NH2)
sorbent were obtained from ThermoFisher NZ Ltd. Granular anhydrous sodium sulphate was
obtained from Merck NZ. N-Methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) (UCT
SMSTFA-0, Selectra-Sil) was supplied by PM Separations Australia. Triethylamine (purity>99 %),
ammonium iodide (purity >99 %) and 2-mercaptoethanol (purity>98 %) were obtained from Sigma
Aldrich NZ.

2.2.4 Sample preparation and SPE

The method used to extract and analyse free ESHs in the solid and dissolved phases of the

samples is summarised in Figure 2-4.
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Sample
pH 2.0-2.5
Dissolved phase ¢ Solid phase
Centrifugation
Addition of 13C- o Addition of 13C-
labelled surrogate Filtration Freeze dry labelled surrogate
compounds compounds
Extraction by Oasis ASE
HLB
Cleanup by solution Filtration
washes
Concentration/ Phosphate buffer

evaporation step andoeﬂraﬁifg by
asis

Wash/rinse by

Method A Method B Concentration/ ~ MeOH-Water-TEA
evaporation step

Combined cleanup

by NH2 and florisil  >cduential NH2 and

Combined cleanup

florisil cl H2 an
orisli Clean up by N and florisil
urification by i
P GPC l ) Concentration/
Concentration/

. evaporation step
evaporation step

Liquid liquid
extraction
Addition of
deuterated internal —»
standards

Concentration/
evaporation step

Derivatisation

GC-MS analysis

Figure 2-4: Schematic diagram of the procedure for isolation and analysis of free steroid hormones in dissolved and

solids phases

2.2.5 Dissolved phase extraction and clean-up

Two methods (A and B) were applied to extract ESHs from the dissolved phase.

2.2.5.1 Dissolved phase extraction and clean up (March and April Samples — Method A)

All glassware and hardware used in the preparation of samples was rinsed twice sequentially

with methanol, acetone, and dichloromethane (DCM), and dried before use. The filtered

supernatant (dissolved phase, 1 L) was spiked with a surrogate recovery standard of *C6-E1
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and 3C6-E2 at an equivalent concentration of 100 ng/L. ESHs in the liquid effluent samples
were extracted by SPE using the method of Gadd et al. (2010b). The effluent samples were
passed through previously conditioned Oasis HLB SPE (500 mg, 6 mL) cartridges via Teflon
transfer lines at a flowrate of 5-10 mL/min together with Milli-Q water rinses (3 x 10 mL) of
the sample bottle, polytetrafluoroethylene (PTFE) transfer lines and Oasis Hydrophilic-
Lipophilic- Balanced (HLB) cartridge. The Oasis HLB SPE cartridges were dried under
vacuum to remove the bulk of residual water. The SPE cartridges were sequentially rinsed with
solutions of MeOH/Acetic Acid/ Milli-Q water (8 mL, 30:2:68 v/v), MeOH/Acetic Acid/ Milli-
Q water (8 mL, 60:2:38 v/v), MeOH/Ammonium Hydroxide/Milli-Q water (8 mL, 30:2:68 v/v)
and MeOH/Ammonium Hydroxide/Milli-Q water (5 mL, 75:2:68 v/v) to remove highly polar
co-extracted interferences and dried under full vacuum. Clean-up columns were prepared
according to Burkhardt et al. (2005) by adding bulk aminopropyl adsorbent (NHz, 0.5 g) onto
the bed of a Florosil SPE cartridge (1 g, 6 mL), topping it with a polypropylene SPE frit to
which a ~3cm layer of anhydrous granular sodium sulphate (dried overnight at 450 °C) was
added. The combined clean-up column was washed with acetone (15 mL) and dried under
vacuum before use. The clean-up columns were connected to the outlet of the Oasis HLB SPE
cartridges using a Teflon connector and mounted in a SPE vacuum extraction manifold. ESHs
were eluted from the Oasis SPE cartridges and through the Florosil-NH2-sodium sulphate
clean-up columns with a binary mixture of DCM/methanol (30 mL, 95:5 v/v). The purified
column eluent was collected in 40 mL amber glass EPA vials, evaporated to dryness under a
stream of oxygen-free nitrogen gas (30 °C) and redissolved in DCM/methanol (95:5 v/v). Gel
permeation chromatography (GPC) clean-up was performed using a Shimadzu 10A HPLC
fitted with a large volume injector and fraction collector. The sample extracts (1.5 mL) were
injected onto a Phenogel pre-column (21 mm x 50 mm, 100 A°) and GPC column (21 mm x
300 mm, 100 A°) connected in series and eluted with a binary solvent mixture of
DCM/methanol (95:5, v/v) at a flow rate of 2.5 mL.min at room temperature. The fraction of
GPC eluent corresponding to the target ESHs was collected in 22 mL glass vials. The GPC
purified extracts were evaporated under a stream of oxygen-free nitrogen gas (30 °C),
redissolved in acetone (1 mL) using DCM/MeOH (95:5, v/v) and stored at 4 °C in a refrigerator

prior to derivatisation.
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2.2.5.2 Dissolved phase extraction and clean up (May to November Samples — Method B)

ESHs in the liquid effluent samples were extracted by passing the samples through conditioned
Oasis HLB SPE (500 mg, 6 mL) cartridges. After drying under vacuum the SPE columns were
rinsed with a solution of methanol/water containing triethylamine (12.5 mL, 60:40 viv
methanol/milli-Q water with 0.005M TEA) (Labadie and Budzinski, 2005). The cartridges
were dried under vacuum and the ESHSs eluted with methanol (20 mL), evaporated by rotary
evaporation (Buchi Rotavapor R-200), and redissolved in ethyl acetate and methanol (4 mL,
4:1 viv) (Labadie and Budzinski, 2005). The ethyl acetate/methanol extracts were purified by
elution through aminopropyl (NH2, 0.5 g) cartridges (Labadie and Budzinski, 2005), dried
under nitrogen gas (30 °C) and redissolved in hexane and dichloromethane (5 mL, 3:1 v/v).
This extract was purified by eluting through Florosil (1 g, 6 mL) (Zhang et al., 2014) cartridges
with acetone and hexane (12 mL, 3:1 v/v) (Zhang et al., 2014). The eluent was dried under
nitrogen gas at 30 °C, re-dissolved in acetone (2 mL) and stored at 4 °C in a refrigerator prior

to derivatisation.
2.2.6 Solid phase extraction and clean-up

Lyophilised solids (1.0 g) were combined with hydromatrix (7 g) and homogenised in an IKA
A1l blender. The homogenised mixtures were packed into 33 mL stainless steel ASE cells
containing cellulose and glass microfiber filters in the base and the void volume filled with pre-
cleaned Ottawa sand. A cellulose filter was inserted in the top and the cell sealed with the
stainless-steel screw cap. Each cell was sequentially extracted using a 50/50 mix of Isopropyl
propanol (IPA)/water, followed by an 80/20 mix of IPA/water, both at a temperature of 120 °C
and pressure of 1850 psi. The sequential extracts were collected in separate 60 mL ASE glass
vials, cooled to room temperature and filtered through a 47 mm glass microfiber filter topped
with a layer of Hyflo Supercell C22 and combined in a solvent cleaned 1-L glass Schott bottle.
Each of the ASE sample vials was rinsed with phosphate buffer (4 x 25 mL, pH 7, 0.4 M) that
was added to the solvent extract and adjusted to a final volume of 650 mL with phosphate
buffer. The phosphate buffer sample solutions were extracted by SPE using preconditioned
Oasis HLB cartridges (1 g). The HLB SPE columns were rinsed using a methanol/water mix
(25 mL, 60:40 v/v).) containing 0.005 M TEA to remove polar co-extracted matrix components
(Labadie and Budzinski, 2005). The HLB SPE columns were connected in series to a Florosil

cartridge (2 g, 15 mL) topped with aminopropyl (0.5 g) (Burkhardt et al., 2005) and ~3 cm
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layer of anhydrous granular sodium sulphate (dried overnight at 450 °C). The connected
cartridges were mounted in a SPE vacuum extraction manifold and the ESHs simultaneously
eluted and purified by passing through DCM/methanol (30 mL, 95:5 v/v). The collected eluent
was dried under nitrogen gas (30 °C), redissolved in acetonitrile (€) (5 mL), and partitioned
against hexane (3 x 10 mL) to remove extraneous co-extracted material (Chen et al., 2012;
Zhang et al., 2014). The purified ACN extract was dried under nitrogen gas (30 °C), redissolved
in acetone (2 mL), and stored at 4 “C prior to derivatisation.

2.2.7 Quality assurance

All samples including quality assurance (QA) blank and spike samples were spiked with a
surrogate standard mixture (:3C6-E1 and ¥C6-E2), and the QA spiked recovery samples with
a mixture of target ESHs. Each batch of dissolved phase samples (n = 8) included as QA
samples: a milli-Q water (1 L) blank sample; and a milli-Q water (1 L) sample spiked with a
mixture of target ESHSs at a final spiked concentration of 100 ng/L each. All samples were
spiked prior to extraction with surrogate recovery standards (**C6-E1 and '*C6-E2) at an

equivalent final spiked concentration of 100 ng/L.

Each batch of solid samples (n=4) included a QA blank and QA spike recovery blank sample
(both prepared with hydromatrix and Ottawa sand), and a duplicate solid sample for the
validation of results. Each sample was spiked with surrogate standards (:3C6-E1 and *C6-E2)
at an equivalent final spiked concentration of 100 ng/g and the QA spike recovery blank sample
with a mixture of target ESHSs at an equivalent final spiked concentration of 500 ng/mL before

extraction.

For determining overall recovery of the extraction method, a comparative standard was
prepared by dispensing corresponding aliquots of the surrogate standard (**C6-E1 and *C6-
E2) and target compound (17a-E2, 17B-E2, E1) spike mixes into a reacti-vial for the calculation

of their recovery.

Calibration solutions were freshly prepared with each batch of samples for derivatisation and
analysis. Eight calibration standards were prepared at concentrations of 5, 10, 25, 50, 100, 250,
500, and 1,000 ng/mL. An internal standard solution containing 17p-E2-d4 and E1-d4 was

26



Chapter 2: Ignoring the solid phase significantly underestimates free estrogenic steroid
hormones in dairy shed effluent and effluent treatment systems

added to sample extracts, comparative standards, and calibrations standards prior to

derivatisation to give a final concentration of 250 ng/mL.
2.2.8 Derivatisation and Gas Chromatography Mass Spectrometry analysis

The sample and QA extracts, comparative recovery standards, and calibration standards were
dried to approximately 0.5 mL under nitrogen (30°C), internal standard solution added
(equivalent to 250 ng each of 17p-E2-d4 and E1-d4) and evaporated to dryness under nitrogen.
All samples were derivatised using an activated MSTFA/TMSI mix (30 pL for dissolved phase
sample extracts and 100 L for solid phase sample extracts) and incubated at 65 °C for 40
minutes as described by Budzinski et al. (2006). During derivatisation the samples were
vortexed twice to ensure the reaction mixtures were fully mixed. The derivatised sample
extracts were adjusted to a final volume of 0.5 mL or 1 mL with iso-octane, vortexed and
transferred into Gas Chromatography-Mass Spectrometry (GC-MS) vials.

The derivatised sample extracts and calibration solutions were analysed using an Agilent 6890
gas chromatograph with an Agilent 5975 mass selective detector (MSD) and ATAS
Multipurpose auto-sampler. Aliguots of samples and calibration standards (1 uL) were injected
into an Agilent split/splitless inlet held at 280 °C. The inlet was operated in pressure pulsed
injection mode (30 psi for 1.1 mins) with a splitless time of 1 minute and split flow of 50
mL/min The oven temperature was programmed at 90 °C (1.5 min. hold); 20 °C/min.—130 °C;
4 °C/min—232 °C; 50 °C/min—320 °C (7 min. hold) for a total run time of 37.7 min. The
injected samples were separated on an Agilent J&WDB-5MS capillary column (30 m x 0.25
mm x 0.25 um) using helium as carrier gas at a constant flow of 1mL/min. The MSD was
operated at 70 eV with a solvent delay of 6.5 minutes and ion source and quadrupole
temperatures of 230 °C and 150 °C, respectively. Mass spectral data was acquired in
synchronous scan/single ion monitoring mode using compound specific mass/charge ions
(Table 2-1).
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Table 2-1: ESH retention times, mass ions for identification and method detection limits

Compound Retention time Internal T/Q1/Q2A MDLB

(min) Standard Dissolved® SolidsP
170-E2 9.982 E1-d4 416/285/417 1 ng/L 2 nglg
El-d4 10.134 NAE 417/402/418 NA NA
18C6-E1 10.154 E1-d4 420/404/421 1 ng/L 2 nglg
El 10.154 E1-d4 414/399/415 1 ng/L 2 nglg
E2-d4 10.294 NA 420/287/421 NA NA
13C6-E2 10.308 E2-d4 422/288/423 1 ng/L 2nglg
17p-E2 11.308 E2-d4 416/285/417 1 ng/L 2nglg

AT is the target quantitation mass ion (in bold), Q1 and Q2 are the corresponding qualifier mass ions
used for compound identification and quantification quality acceptance. B MDL = method detection
limit. © dissolved phase of sample. ° solid phase of sample, ng/gram dry weight solids. E NA = not
applicable

Selected ion monitoring (SIM) data was used to identify and quantitate isotopically labelled
and native ESHs. Residues of ESHs were quantitated by internal standard quantitation using
Agilent Chemstation Data Analysis software. The quantified results were transferred into Excel
spreadsheets to calculate the final concentrations of ESHs in the DSE and quality assurance
samples, the recovery of surrogate standards, and recovery of target analytes from QA spike

samples.

Method detection limits (MDLs) for both native and carbon-13 labelled ESHs were determined
by adopting a minimum signal to noise ratio of 3:1 for the response of the compounds in
chromatograms of the extracts of dissolved and solid phases of the ETS samples. The
equivalent concentration of ESH corresponding to a peak with a minimum signal to noise ratio
of 3 determined from the low concentration calibration standards, met the quality assurance
acceptance threshold (£ 20%) of the relative abundance ratios of qualifier mass ions. The
MDLs for target ESHs (17a-E2, 17B-E2 and E1) and surrogate standards (}3C6-E1 and *C6-
E2) in the dissolved and solid phase samples were 1 ng/L and 2 ng/g respectively (Table 2-1).

2.2.9 Other parameters

Temperature and pH were analysed on site using a Eutech pH 150 meter. Total solids (TS)
(APHA 2540B) and volatile total solids (VTS) (APHA 2540E) were analysed by an external
certified laboratory (Hills Laboratory). POM was determined by loss after ignition

(Matthiessen et al., 2005) assuming the VTS was OM (Metcalf and Eddy, 2014). Particulate
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organic carbon (POC) was calculated assuming OM contains 54 % organic carbon (OC)

(Jimenez and Garcia, 1992; Nelson and Sommers, 1996).
2.2.10 Statistical analysis

Statistical differences between sample groups were identified using the student t-test (two-

tailed and 95% confidence interval) in Excel.
2.2.11 Partitioning of ESHs between the dissolved and solids phases

Distribution coefficient (Kq) was calculated using Equation (1-1).

C solids

Kd = C dissolved

(1-1)

Where Kg = distribution coefficient (mL/g), Csoligs = concentration of ESHSs in solid phase

(ng/g), Cdissolved = concentration of ESHs in dissolved phase (pug/mL).

Organic carbon partition coefficients (Koc) were calculated using Equation (1-2).

100

Koc = —— x
°“=%oc

kd (1-2)

Where Kd = distribution coefficient (mL/g), Koc = organic carbon normalised adsorption
coefficient (mL/g) and %OC = organic carbon content (%).
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2.3 Results and discussion

2.3.1 Physical and chemical parameters

The physical and chemical parameters of DSE samples are summarised in Table 2-2 (full data
in the appendices, Table A-1). The pH of the CAP sludge and effluent (6.9) was within the
recommended pH range for anaerobic digestion systems (Metcalf and Eddy, 2014). The
anaerobic pond/sludge temperature (20 °C) was typical for the Waikato region. The TS
concentrations in the CAP influent, sludge and effluent are comparable to those measured in
conventional 2-stage dairy effluent pond treatment systems (Longhurst et al., 2000; Fyfe et al.,
2016) and demonstrate 50% of the total solids (TS) from the influent was metabolised or settled
as sludge. The 70% removal of volatile total solids (VTS) within the CAP is comparable to that
of conventional 2-stage dairy effluent pond treatment systems (Fyfe et al., 2016). The reduced
VTS/TS ratio in effluent (~37%) compared to influent (60%) within the CAP is consistent with

the conversion of OM to methane and carbon dioxide.

Table 2-2: Physical and chemical parameters of CAP influent, sludge and effluent

Parameter  Units Influent Sludge Effluent
pH 7.6 (0.5, n=5) A 6.9 (0.1, n=5) 6.9 (0.3, n=5)
Temp °C 15.9 (3.4, n=5) 19.7 (7.1, n=5) 16.2 (3.8, n=5)
TS mg/L 6950 (1554, n=4) 82020 (8458, n=2) 3450 (778, n=2)
VTS mg/L 4175 (1072, n=4) 38380 (0, n=1) 1270 (85, n=2)
POMB % 79 (4, n=6) 59 (6, n=6) 55 (17, n=5)
POCC % 42 (2, n=6) 32 (3, n=6) 30 (9, n=5)

Avalues are expressed as (mean (SDev, n)). B particulate organic matter. € particulate organic carbon.

2.3.2 Quality assurance outcomes

No residues of the target free ESHs or carbon-13 labelled surrogate standards were detected in
the QA blanks. The recovery of the surrogate standards **C6-E1 and *C6-E2 from solid and
dissolved phase samples was within acceptable limits (59-122 %) (Table 2-3). There were no
significant statistical differences (P range = 0.27 to 0.82) in the recovery of **C6-E1 and '3C6-
E2 between the three different samples of the dissolved and solid phases. The applied methods

were therefore robust and performed consistently across a range of complex sample matrices.
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Table 2-3: Recovery of target free ESHs (17a-E2, 17B-E2 and E1) and surrogate standards (**C6-E1 and *C6-E2) from
dissolved and solid phase samples

Recovery from dissolved samples

170-E24 17g-E24 E1A 18C6-E2A 18Ce-E1A
Influent 59 (15.8, n=5) B 81 (36.5, n=6)
Sludge 76 (21.1, n=5) 74 (9.7, n=6)
Effluent 64 (14.9, n=5) 91 (32.5, n=6)
Spiked

92(5.2,n=2)  79(14.1.9,n=2) 74 (9.0, n=2) 76 (0.0, n=1) 81 (11.2, n=2)
Blank
Mean 92 79 74 69 82
Recovery from solid samples

170-E2°€ 17p-E2°¢€ E1€ 13C6-E2PD 18C6-E1P
Influent 79 (16.9, n=6) 122 (26.0, n=4)
Sludge 92 (5.3, n=6) 108 (33.8, n=6)
Effluent 88 (1.7, n=6) 99 (35.4, n=4)
Spiked
Blank 92 (10.9, n=5) 80 (8.3, n=5) 126 (55.5, n=5) 88 (4.5, n=5) 138 (61.5, n=4)
Mean 92 80 126 83 119

Aspiked at 100 ng/L concentration. B values are expressed as (mean (%) (SDev, n)). € spiked at 400 ng/g concentration. °
spiked at 100 ng/g concentration.

The mean recovery of *C6-E2 and *C6-E1 from dissolved phase samples (69 and 82 %
respectively) were comparable to those previously reported for E2-d4 and E1-d4 in DSE (91 %
for E2-d4 and 92 % for E1-d4) in DSE (Sarmah et al., 2006; Gadd et al., 2010b), and 17p-E2
and for E1 (125 % for 17B-E2 and 101 % for E1) in flushed dairy manure wastewater
(Hanselman et al., 2006). The recovery of target ESHs from spiked Milli-Q water (Table 2-3)
were similarly comparable to those reported by Gadd et al. (2010b) (70 to 96 %).

The recovery of target ESHs from solid phase samples was comparable to that of E1 and 17p-
E2 (84+4.6 % for E1 and 67+2.4 % for 17p-E2) from cow, swine, and chicken faeces (Zhang
et al., 2014), 17B-E2 from fresh swine manure (Combalbert et al., 2010), and E1 and 173-E2
from activated sludge (75 % and 88 % respectively) (Chen et al., 2012). In conclusion, the QA
data demonstrated that the analysis methods performed as well as those from previous studies
measuring ESHs in complex animal wastes and treatment pond effluents. However, the
precision and reproducibility of the measurements are uncertain due to the detected recovery
range and its associated standard deviation. To attain a more reasonable level of certainty, a

substantial augmentation in the number of measurements per sample is imperative. Regrettably,
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such augmentation was precluded by the protracted time commitment necessitated for the

analytical procedures.
2.3.3 Concentration of individual free ESHs in the dissolved and solid phases

A statistical summary of the concentration of individual and total free ESHs (XESH) in the
dissolved and solid phases of samples is presented in Table 2-4 (full data and statistical

summary can be found in the appendices, Table A-2 and Table A-3).
2.3.4 Concentration of individual free ESHs in the dissolved phase

The mean concentration for individual free XESH measured in the dissolved phase decreased
in the order influent (1,230 ng/L) > effluent (949 ng/L) > sludge (786 ng/L).

Table 2-4: Mean (March -November 2018) mass (ng) of individual free ESHs measured in the dissolved and solid phases
of 1 litre of raw influent, sludge and effluent of the CAP ETS.

170-E2 17p-E2 El XESHSs

Influent (n=6)

Dissolved 973 (21.7-2869)A 103 (7.04-242) 153 (5.19-415) 1230 (41-3526

Solids 1896 (166-4789)8 269 (115-241) 776 (320-2057) 2942 (630-5983)

Total 2869 (188-5854) 372 (122-657) 930 (325-2125) 4171 (671-7262)
Sludge (n=6)

Dissolved 30.1(21.4-38.9) 46.3 (33.5-64.9) 710 (561-881) 786 (621-975)

Solids 2566 (2028-3109) 5545 (3805-6947) 84705 (61528-116124) 92816 (67784-125887)

Total 2596 (2062-3133) 5591 (3851-7012) 85414 (62409-116895) 93601 (68759-126758)
Effluent (n=6)

Dissolved 267 (4-782) 72.1(3.11-143) 610 (43.7-1098) 949 (75.3-1606)

Solids 623 (9.04-1907) 245 (12.9-503) 2530 (90.7-4074) 3398 (113-5584)

Total 889 (12.5-2689) 317 (16.0-645) 3140 (160-5085) 4346 (189-7190)

Amass in ng in 1 litre is equivalent to ng/L concentration (mean (range min to max)). Bmass in ng in 1 litre volume of sample
calculated using the corresponding measured TS concentrations for influent, sludge and effluent samples.

The relative concentrations of individual ESHs in the dissolved phase of DSE entering the CAP
(17a-E2 > E1 > 17B-E2) was consistent with previous analyses of DSE (Hanselman et al.,
2006; Zheng et al., 2008; Gadd et al., 2010b; Noguera-Oviedo and Aga, 2016) (Table 2-5). In

contrast, E1 was the predominant ESH in the dissolved phase of sludge and effluent samples

with mean concentrations of 710 ng/L and 610 ng/L respectively.
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Table 2-5: Reported concentration of free ESHs (ng/L) in the dissolved phase of different dairy cow effluent streams, treatment pond systems, and treated pond effluent

Sample description 17a-E2 17p-E2 El ZESHSs Number A Reference
Dairy shed effluent or treatment pond influent
Dairy shed effluent 973 (21.7-2869) B 103 (7.04-242) 153 (5.19-415) 1230 (40.8-3526) 6 This study
Dairy shed effluent 2190 (2098-2283) € 194 (156-230) © 281 (262-298) € 2665 6 (Zheng et al., 2008)
Dairy shed effluent 1115 (110-11000) 26 (3-85) 87 (10-480) 1229 (199-11544) 19 (Gadd et al., 2010a)
Dairy shed manure waste 4525 (3527-5169) ¢ 976 (951-1024) ¢ 1528 (1293-1683) ¢ 7029 (5771-7876) € 3 (Noguera-Oviedo and Aga, 2016)
Flushed dairy manure waste 2282 (1750-3270 643 (351-957) 879 (370-2356) 3804 (2742-5103) 5 (Hanselman et al., 2006)
Treatment pond or storage lagoon
CAP 30.1 (21.4-38.9) 46.3 (33.5-64.9) 710 (561-881) 786 (621-975) 6 This study
Dairy CAFO lagoon 224 (177-283) 148 (110-168) 70.5 (56.6-79.7) 443 (362-531) 3 (Hutchins et al., 2007)
Dairy waste lagoon NMm P N.DE-95°€C 75 - 650 75-660°€ 2 (Kolodziej et al., 2004)
Dairy holding pond 3350¢ 1624 ¢ 8274¢ 13248°¢ 3 (Raman et al., 2004)
Dairy waste lagoon 85 (79-90) ¢ 89 (76-101) © 260(236-283) © 433 (391-474) ¢ 6 (Zheng et al., 2008)
Treated effluent
CAP 267 (3.50-782) 72.1(3.11-142) 610 (43.7-1098) 949 (75.3-1606) 6 This study
Advanced pond system 760 310 580 1650 1 (Gadd et al., 2010a)
Dairy oxidation ponds 781 (N.D-1600) 76 (2-170) 228 (14-450) 1084 (16-1952) 8 (Gadd et al., 2010a)
Dairy oxidation ponds 305 (N.D-1028) 114 (N.D-331) 998 (N.D-3123) 1417 (N.D-4416) 7 (Sarmah et al., 2006)
Anaerobic digester 935 (569-1324) © 114 (78-137)°¢ 2774 (1936-3548) © 3823 (2583-4999) © 3 (Noguera-Oviedo and Aga, 2016)

A number of samples analysed.
© Not measured. ENot detected

B mean concentration (minimum to maximum concentration in brackets). € values estimated from published graphs.
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The concentration of ESHSs in the dissolved phase of DSE samples measured in this study are
comparable to those previously reported in DSE in NZ by Gadd et al. (2010b), but considerably
lower than those reported for flushed dairy manure wastewater (Hanselman et al., 2006;
Noguera-Oviedo and Aga, 2016) and dairy shed manure waste (Hanselman et al., 2006;
Noguera-Oviedo and Aga, 2016) in the United States of America (USA) (Table 2-5). The
comparability of results between this study and that of Gadd et al. (2010b) can be attributed to
the concurrence of months during which sampling took place. Furthermore, practices to wash
and retain dairy cow waste from NZ milking sheds have not significantly changed over the
twelve years between the two studies. The higher concentrations of ESHs measured in dairy
shed manure and flushed dairy manure waste in the USA may be attributable to a month of
intensive sampling in the US study, versus the 8-month period in the current study and Gadd
et al. (2010b). This would be especially relevant if the intensive month of sampling
corresponded with peak excretions of estrogenic hormones from the dairy herd associated with
late pregnancy and calving. Another explanation is the use of blade scraping to collect dairy
wastes in US milking parlours which reduces water use and produces DSE, which is more

concentrated in ESHs.

To the best of our knowledge, our data provides the first measurements of free ESHs in sludge
from a CAP system designed to treat DSE. The mean concentration of 786 ng/L for XESH that
we measured in the dissolved phase of the CAP sludge is comparable to that previously
reported in the dissolved phase effluents of single oxidation pond, two pond (anaerobic and
facultative), and advanced pond systems treating DSE in NZ (Sarmah et al., 2006; Gadd et al.,
2010a), in liquid wastes within dairy concentrated animal feeding operations (CAFO) system
and waste lagoons (Kolodziej et al., 2004; Hutchins et al., 2007; Zheng et al., 2008) in the
USA, and less than a dairy holding pond (Raman et al., 2004) and effluent of a dairy manure
mixed-waste anaerobic digester (Noguera-Oviedo and Aga, 2016) in the USA (Table 2-5). For
comparison, the mean concentration of XESH in the dissolved phase of sludge from an
anaerobic lagoon treating swine waste was an order of magnitude greater at 7008 ng/L (Yost
etal., 2013).

The reason for the disparity in the concentration of free ESHs in the dissolved phase of sludge

from the CAP and holding ponds or lagoons treating dairy waste effluent is uncertain, but the
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paucity of relevant studies, geographically disperse sites, different climatic conditions and
variance of operational conditions are plausible reasons. Likewise, the similarity in
concentration of ESHSs in the dissolved phase of effluent from these different dairy waste
treatment systems is perplexing but could result from common features of the ETS. The
standardisation of on-farm milking practices produces similar quantities of waste, ESHs and
water per cow entering DSE treatment systems. DSE treatment systems are predominantly
designed to reduce and stabilise OM and not degrade ESHSs that are fortuitously co-metabolised
by bacteria. These treatment systems are typically passive, with no mechanical mixing, aeration,
or temperature control, which limits the degradation of OM, and thereby ESHSs. Furthermore,
the contribution of conjugated forms of ESHs was not factored in this study. The contribution
of the conjugated ESHs may vary depending on the treatment system and can influence the
total load of free ESHs (Chapter 3). Consequently, the concentration of ESHs within on-farm

DSE treatment systems between different countries is broadly similar.

The concentration of ESHSs in the dissolved phase of the CAP effluent exceeded that in sludge
on four of the six sampling events (appendices, Table A-2). The CAP accumulates solids for
up to 16 months, during which POM concentrates and provides a substrate for the sorption of
ESHs. These settled solids congeal at the pond base where the desludging pipe sampling point
was located. The sampling point for CAP effluent at the outlet weir preferentially samples the
“overlying” water layer of the pond which is relatively depleted in TS, (20 to 30 times less,
appendices, Table A-1) This reduced concentration of TS in the CAP effluent increases the

apparent concentration of ESHs in the dissolved phase, compared to that in the CAP sludge.
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2.3.5 Concentration of individual free ESHSs in the solids phase
A summary of the concentration (ng/g) of individual free ESHs measured monthly in the solids
phase of samples from the CAP ETS is presented in Table 2-6.

Table 2-6: Concentration (ng/g) of individual free ESHs in the solid phase of raw influent, sludge, and effluent of the
CAP ETS

Influent

Compound Mar Apr Jul Aug Oct Nov Mean Range” Median SDev B

170-E2 309 413 689 174 28.1 239 273 23.9-689 242 255
17B-E2 61.0 50.1 63.4 16.7 16.6 244 38.7 16.6-63.4 373 22.0
El 71.3 59.3 108 89.0 46.0 296 112 46.0-296 80.2 92.9
YESHs 441 522 861 280 90.7 344 423 90.7-861 393 260
Sludge
17a-E2 25.3 24.7 37.9 32.2 34.3 333 313 24.7-37.9 32.7 5.23
17B-E2 51.0 46.4 75.5 70.2 84.7 77.8 67.6 46.4-84.7 72.9 154
El 750 1036 873 813 1416 1309 1033 750-1416 954 274
YESHs 826 1107 986 916 1535 1420 1132 826- 1535 1046 285
Effluent
17a-E2 2.62 29.0 553 304 126 69.2 180 2.62-553 974 212
17b-E2 3.74 27.9 121 146 96.8 30.8 71.0 3.74-146 63.8 58.0
E1l 26.3 428 944 690 1181 1131 733 26.3-1181 817 447
YESHSs 32.6 485 1618 1139 1403 1231 985 32.6- 1618 1185 603

Aminimum to maximum. B Standard deviation.

The concentration of individual ESHs in the solids of the influent decreased in the order 17a-
E2 (273 ng/g), >E1 (112 ng/g), > 17p-E2 (38.7 ng/g). As expected, the mean concentration of
>ESHs in the solids phase of CAP sludge (1,132 ng/g) was considerably higher than in the
DSE/influent. However, the consistently higher concentration of ZESHs measured in the solids
phase of the CAP effluent collected from July to November (1139 to 1618 ng/g) compared to
the DSE/influent (90.7 to 861 ng/g) was unexpected.

TS and POC in the CAP effluent were significantly lower than the DSE/influent entering the
CAP (Table 2-2). The observed reduction in VTS and the ratio of VTS/TS between the CAP
effluent and DSE/influent samples indicates biologically labile OM is being consumed by the
microbial biomass in the CAP. The residual POC will be more refractory and have an increased
sorption affinity for free ESHs due to its aromatic nature which could explain the higher
concentration of XESHs in the solids phase of the CAP effluent.
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ESHs in DSE/influent will be deconjugated into their respective free forms (Noguera-Oviedo
and Aga, 2016) by the microbial biomass within the CAP to be adsorbed by POC in the CAP
The maintenance of anaerobic conditions in the CAP will inhibit the oxidative degradation of
accumulating POM and ESHs which will also increase the concentration of free ESHs in the
solids of the CAP and released effluent. In comparison to the influent, the mean concentration
of individual ESHSs in the solids phase of the CAP sludge and effluent samples was clearly
dominated by E1 due to the conversion of 17a-E2 to E1 (Noguera-Oviedo and Aga, 2016).

The mean concentration of individual free ESHs in the solid phase of the CAP ETS measured

in this study are comparable with those reported in previous studies of DSE, dairy cow manures

and manure dry stacks, pond sludges and effluents (Table 2-5 and Table 2-7).
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Table 2-7: Reported mean concentrations of ESHSs in the solid phase (ng/g) of DSE, dairy cow manure and dairy effluent treatment systems

Sample description 170-E2 17p-E2 El ZESHSs Reference
Dairy shed effluent or dairy cow manure
Dairy shed effluent (n=6) 273 (24- 689)A 38.7 (17- 63) 112 (46- 296) 423 (91- 861) This study
Dairy manure 120-190 46-50 28-72 194- 312 (Vethaak et al., 2005)
Dairy cow manure (n=4) N.MB 21.8-101 0-9.7 110 (Zhang et al., 2014)
Fresh dairy cow manure (n=6) 1416 153 535 2,104 (Noguera-Oviedo and Aga, 2016)
Dairy cow manure (n=6) 420 160 61 641 (Noguera-Oviedo and Aga, 2016)
CAFO dairy cow manure (n=1) 6.2 16.6 16.1 389 (Andaluri et al., 2012)
Dairy manure press cake 32 N.D¢ 98 130 (Raman et al., 2001)
Dairy dry stack semisolid (n=30) 508 136 287 931 (Raman et al., 2004)
Dairy dry stack (n=15) 220 67 220 507 (Raman et al., 2004)
Piled manure (n=6) 172 37 697 906 (Noguera-Oviedo and Aga, 2016)
Slotted dams (n=6) 8-43 N.D- 18 68-107 76-154 (Noguera-Oviedo and Aga, 2016)
Treatment pond or storage lagoon
CAP sludge (n=6) 31.3 67.6 1033 1132 This study
Dairy holding pond (n=48) 280 115 815 1210 (Raman et al., 2004)
Treatment pond effluent
CAP effluent (n=6) 180 71 733 985 This study
Anaerobic digester (n=6) 160 47 470 677 (Noguera-Oviedo and Aga, 2016)

A'mean (min-max). B NM = not measured. © N.D = not detected.
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2.3.6 Total concentration of free ESHs

A summary of ESHs measured in the dissolved and solid phases and whole samples of the CAP
ETS was presented in Table 2-4. The concentration of total ZESHSs in the influent of the CAP
reached maxima in April (7156 ng/L) and July (7262 ng/L), correlating with late pregnancy
and early calving in the farm herd which produce peak concentrations of ESHSs in the faeces
and urine of cows (Hoffmann et al., 1997). The concentration of free XESHs summed over the
whole sample of the CAP ETS were considerably greater than the dissolved phase alone (Table
2-4) with mean total concentrations of 4,171 ng/L, 93,601 ng/L, and 4330 ng/L in the influent,
CAP sludge and effluent samples respectively.

The mean concentration of total free XESHs measured in the CAP effluent in this study (4330
ng/L) is comparable to the maximum concentrations of 4,004 ng/L and 4,416 ng/L previously
reported in the dissolved phase of effluent from two-pond DSE treatment systems in NZ
(Sarmah et al., 2006). This suggests the concentration of total free XESHSs in the whole effluent
of the two-pond DSE treatment systems would have been considerably greater, that is if the
solid phase had been taken into consideration.

The data in Table A-2 (appendices) clearly demonstrates that the solid phase contributes a
significant proportion of ESHs within each sample with a mean proportion and range (min to
max) of 78 % (51-96 %), 99 % (98.6-99.4 %) and 74 % (57-98 %), respectively for the CAP
influent, sludge and effluent. These results confirm analysis solely of ESHSs in the dissolved
phase of animal wastes and ETS significantly underestimates the quantity of ESHs that are
released into the environment by effluent discharge to waterways and/or application of treated
effluent and pond sludges to pasture.

2.3.7 Relative percentages of individual ESHs in CAP ETS

The profile of free individual ESHs in the dissolved and solid phases of CAP influent was
dominated by 170-E2 followed by E1, then 17B-E2 (Figure 2-5). This profile changed
significantly within the CAP where E1 comprised over 90 % of the ESHs in both phases of the
CAP sludge. E1 continued to dominate the profile of ESHs in the CAP effluent, followed by
17a-E2, and 17B-E2.

39



Chapter 2: Ignoring the solid phase significantly underestimates free estrogenic steroid
hormones in dairy shed effluent and effluent treatment systems

100
90
80
§“ 70
E 60
S 5o
=
£ 40
= 30
20
10
0
&
@ Res S
‘:F‘fx c-f}\ ,\o‘(b __,.e,b e “
% = S¥ <2 &
s 6{\ LN -5 = ,\O ‘Aef .\& ‘a\
& & & Q,Q\ o =5 < f.,O\ <&
& b A ES S N & &
NS > =) z& Q\\\}e &
>
& « «

H170-E2 m17B-E2 mELl

Figure 2-5: Mean relative distribution of 17a-E2(M ), 17B-E2 (M), and E1(M ) in the solid and dissolved phases of the
influent, sludge and effluent of the CAP effluent treatment system.

The mean percentages of E1 and 17a-E2 in the dissolved phase of the CAP effluent measured
in this study are comparable to those previously measured in dairy effluent from oxidation
ponds (Sarmah et al., 2006) and anaerobically digested manure (Noguera-Oviedo and Aga,
2016), and approximately 3 times higher than the percentage of E1, and 2.5 times lower than
the percentage of 17a-E2, measured in the dissolved phase of effluents from a two pond and
advanced pond system treating DSE (Gadd et al., 2010a) (Table 2-8). This study confirms

previous observations that 17a-E2 is transformed to E1 during anaerobic treatment of DSE
(Sarmah et al., 2006; Noguera-Oviedo and Aga, 2016).
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Table 2-8: Relative percentage (%) of individual ESHs in the dissolved phase of different dairy cow effluent streams,
treatment pond systems, and treated pond effluent.

Sample description 170-E2 17B-E2 El Reference
Dairy shed effluent or treatment pond influent
Dairy shed effluent 79.1 8.37 125 This study
Dairy shed effluent 82.1 7.3 10.5 (Zheng et al., 2008)
Dairy shed effluent 90.7 2.2 7.1 (Gadd et al., 2010a)
Dairy shed manure waste 64.4 13.9 21.7 (Noguera-Oviedo and Aga, 2016)
Flushed dairy manure waste 60.0 16.9 231 (Hanselman et al., 2006)
Treatment pond or storage lagoon
CAP 3.82 5.89 90.3 This study
Dairy CAFO lagoon 50.6 334 16.0 (Hutchins et al., 2007)
Dairy holding pond 253 12.3 62.4 (Raman et al., 2004)
Dairy waste lagoon 19.6 20.5 59.9 (Zheng et al., 2008)
Treatment pond effluent
CAP 28.1 7.59 64.3 This study
Advanced pond system 67.8 8.9 23.3 (Gadd et al., 2010a)
Dairy oxidation 2-ponds 72.0 7.0 21.0 (Gadd et al., 2010a)
Dairy oxidation ponds 216 8.0 70.4 (Sarmah et al., 2006)
Anaerobic digester 245 3.0 725 (Noguera-Oviedo and Aga, 2016)

2.3.8 Partitioning of ESHs between the dissolved and solid phases

The percentages of free TESHSs associated with the solids phase of the CAP influent, sludge,
and effluent varied from 51-96 %, 98.6-99.4 %, and 57-97 % respectively (Figure 2-6, Figure
2-7 and Figure 2-8). These results are comparable to the 98 % of ESHSs in the solid phase of
dairy manure (Noguera-Oviedo and Aga, 2016) and 68 % in the solid phase of swine manure
(Combalbert et al., 2012).
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Figure 2-6: Relative distribution of ESHs between the dissolved (.) and solid (.) phases of CAP Influent (DSE) at
each sampling event
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Figure 2-7: Relative distribution of ESHs between the dissolved (') and solid (') phases of CAP sludge at each
sampling event
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Figure 2-8: Relative distribution of ESHs between the dissolved (f) and solid (ffJ)) phases of CAP effluent at each
sampling event
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Although the influent had the highest OC content (42 %) followed by CAP sludge (32 %)
and CAP effluent (30 %), the sludge exhibited the highest ratio of free ESH associated
with solids to free ESH associated with the dissolved phase. This distribution of free ESHs
is attributed to the greater TS content of the CAP sludge and extended contact and
equilibrium time between the CAP sludge and ESHs (Casey et al., 2003; Mansell et al.,
2004; Sarmah et al., 2008), and the chemical properties of residual OC in the CAP sludge.

The distribution coefficients (Kq) and organic carbon partition coefficients (log Koc) for
the ESHs in samples of the CAP ETS were calculated according to the Organisation for
Economic Co-operation and Development (OECD) guideline 106 (Table 2-9 and Table
2-10). The calculated mean log Ko for the three ESHs varied from 3.06 to 3.80
demonstrating that sorption of ESHSs results from hydrophobic partitioning to organic
carbon within the solids phase of the samples (Grathwohl, 1990; Lai et al., 2000). The
calculated log Koc for 17a-E2, 17B-E2 and E1 in the samples in this study are slightly
higher than the range of 2.70-3.46 reported in soil (Lai et al., 2000; Sarmah et al., 2008)
and 2.97-3.69 in municipal wastewater (Langford and Lester, 2003).

Table 2-9: Partition distribution coefficients (Kd) of ESHSs in the raw influent, sludge and effluent of the CAP
effluent treatment system (mL/g)

Influent
Compound Mar Apr Jul Aug Oct Nov Mean Range” Median  SDev®
170-E2 192 144 647 718 981 1102 631 144-1102 683 396
17p-E2 262 207 587 1132 2357 1622 1028 207-2357 860 847
El 253 143 1023 2035 8803 4335 2775 143-8803 1529 3359
Sludge
170-E2 650 732 1568 1191 973 1560 1112 650-1568 1082 398
17B-E2 923 1001 2199 2098 1306 1807 1556 923-2199 1557 555
El 852 1240 1502 1450 1836 2083 1494 852-2083 1476 434
Effluent
170-E2 749 274 707 730 603 818 647 274-818 718 195
17p-E2 1203 427 854 1024 1403 2728 1273 427-2728 1113 786
El 382 390 1384 912 1168 25862 5016 382-25862 1024 10220

Aminimum to maximum. B Standard deviation
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Table 2-10: log Koc values for ESHs in the influent, sludge and effluent of the CAP effluent treatment system

(mL/g)
INFLUENT
Parameter  Mar  Apr Jul Aug Oct Nov Mean Range® Median  SDev©
170-E2 2.63 2.52 3.20 3.26 3.37 341 3.06 2.63-3.63 3.23 0.39
17p-E2 2.77 2.58 3.16 3.56 3.75 3.57 3.23 2.77-3.75 3.31 0.44
El 2.75 2.51 3.40 3.71 4.42 4.00 3.45 2.51-4.42 3.55 0.71
SLUDGE
170-E2 3.32 3.45 3.70 3.57 3.47 3.64 3.52 3.32-3.64 3.52 0.14
17p-E2 3.47 3.59 3.85 3.81 3.60 3.71 3.67 3.47-3.85 3.65 0.14
El 3.43 3.68 3.68 3.65 3.75 3.77 3.66 3.43-3.77 3.68 0.12
EFFLUENT
170-E2 N.AA - 317 3.33 3.33 3.26 3.57 3.33 3.17-3.57 3.24 0.15
17p-E2 N.A 3.37 3.42 3.47 3.63 4.09 3.60 3.37-4.09 3.47 0.31
El N.A 3.33 3.63 3.42 3.55 5.07 3.80 3.33-5.07 3.55 0.72

AN.A = not available due to absence of % organic carbon. & minimum to maximum. € Standard deviation.

A T. Test (two tailed, 95 % confidence interval of difference) was used to determine the
statistical differences between the log Koc values derived for each of the measured ESHs
in the influent, sludge, and effluent of the CAP effluent treatment system samples. The
results demonstrate no significant statistical differences (P range = 0.07 to 0.71) in log
Koc values for the ESHs between the solids phase of the influent, sludge or effluent (Table

2-11).

Table 2-11: t. Test P values for log Koc values of ESHs between the three sample types

Description 170-E2 17B-E2 El

Influent vs sludge 0.07 0.07 0.20
Influent vs effluent 0.10 0.11 0.53
Sludge vs effluent 0.70 0.71 0.19

2.3.9 Estrogenic potency in the CAP ETS

The estrogen equivalents (EEQs) of the analysed CAP ETS samples were predicted by
multiplying the measured concentration of each steroid (by GC-MS) by its relative
potency factor (RPF) obtained by the ER-CALUX bioassay (Kolkman et al., 2013). The
EEQs for each compound measured in a sample were summed to obtain the total predicted
EEQ for each sample. This approach, based on the toxic equivalency factor (TEF)

approach, has been shown to be appropriate for mixtures where each component acts
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through the same pathway and the dose-response curves are parallel for individual
compounds (Kolkman et al., 2013).

A statistical summary of the calculated EEQs of ESHs measured in the dissolved and
solid phases of samples from the CAP ETS are presented in Table 2-12 (full data set is
provided in appendices, Table A-4). The calculated estrogenicity of samples from the
CAP ETS demonstrates the estrogenic potency of the samples is dominated by the
contribution of 17B-E2, with mean contributions of 88.6 %, 76.3 % and 81.5 % of the
total estrogenicity respectively for influent, CAP sludge, and CAP effluent.

Table 2-12: Mean Estrogenic equivalents of ESHs measured in the dissolved and solid phases of 1 litre of raw
influent, sludge and effluent of the CAP effluent treatment system.

17a-E2 17p-E2 El ZESHSs

Influent (n=6)

Dissolved 9.7(0.22-28.7)A 103 (7.04-242) 3.07 (0.10- 8.3) 116 (7.43-279)

Solids 19.0 (1.66-47.9)8 269 (115-441) 15.5 (6.40-41.1) 304 (123-504)

Total 28.7 (1.88-59) 372 (122-657) 18.6 (6.50-42.5) 420 (131-710)
Sludge (n=6)

Dissolved 0.30 (0.21-0.39) 46.3 (33.5-64.9) 14.2 (11.20 -17.6) 60.7 (45.0-80.7)

Solids 25.7(20.3-31.1) 5545 (3805-6947) 1694(1231 - 2323) 7264 (5434-9298)

Total 26.1 (20.6-31.3) 5591 (3851-7012) 1708 (1248-2338) 7325(5506-9379)
Effluent (n=6)

Dissolved 2.67 (0.04-7.82)  72.1(3.11-142) 12.1(0.87-21.7) 86.9 (4.52-163)

Solids 6.2 (0.09 -19.1) 245 (12.9-503) 50.6 (1.81-81.5) 302 (14.8-561)

Total 8.90 (0.13-26.9) 317 (16.0-645) 62.8 (3.19-102) 389 (19.3-722)

AEEQ in 1 litre of sample (mean (range min to max)). BEEQ in 1 litre volume of sample calculated using the
corresponding measured TS concentrations for influent, sludge and effluent samples.

The observed reduction in the concentration of 17a-E2 and increase in the concentration
of E1 as DSE passes through the CAP is matched by similar changes to their contributions
to total estrogenicity. The mean contribution of 17a-E2 to total estrogenicity was 6.83 %
in influent, 0.36 % in CAP sludge, and 2.29 % in CAP effluent, while that of E1 was 4.42
% in influent, 23.3 % in CAP sludge, and 16.1 % in the CAP effluent. These results clearly
demonstrate that any potential endocrine disrupting impact associated with the re-cycling
and re-use of effluent or sludge from the CAP ETS will principally arise from the presence
of residues of 173-E2.
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2.4

Conclusions

A significant proportion of the total load of free ESHSs in dairy shed effluent, and
sludge and effluent of the CAP ETS are associated with the solids phase.
Ignoring the contribution of free ESHs associated with the solid phase of DSE,
pond sludges and effluent of dairy effluent treatment systems significantly
underestimates the total mass of free ESHs that might be applied to pasture.

The log Koc calculated from the partitioning of 17a-E2, 178-E2 and E1 between
the dissolved and particulate phases of the ETS samples are similar to those for
soils and wastewater and confirms hydrophobic partitioning to particulate organic
matter is the primary sorption mechanism.

17a-E2 is transformed to the more persistent E1 in the CAP which concurrently
decrease the estrogenicity of the CAP sludge and effluent.

Regardless of the conversion of 17a-E2 to E1, the EEQs calculated for the
samples clearly demonstrate the greater proportion of estrogenic activity at all
sampling points is attributable to 17p-E2.

This study was restricted to the free form of ESHs in the ETS. Further work is
required to determine the contribution of conjugated forms of ESHs to the total
load of free ESHs in dairy ETS effluents (Chapter 3).

Further ESHs analysis work and modelling of the performance of the CAP, taking
into account physical design features will improve understanding of the
transformation of ESHs, and identify factors that can increase their removal and

environmental implication (Chapter 6).
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Chapter 3:
The importance and fate of the conjugated
estrogenic steroid hormones in dairy shed

effluent and an effluent treatment system

In the previous chapter (Chapter 2), further work was identified to be required to
determine the contribution of conjugated forms of estrogenic steroid hormones
(ESHs) to the total load of free ESHs. The main objective of this part of the study
was to measure the concentration of the conjugated ESHs in the dissolved and solids
phases of influent, sludge, and effluent of a covered anaerobic pond (CAP)
treatment system and to provide a better understanding regarding the overall
concentration of ESHSs in the dairy shed effluent (DSE) and the performance of the
CARP effluent treatment system.

3.1 Introduction

ESHs are a class of endocrine disrupting compounds that can, upon their release
into the environment through the discharge of municipal and agricultural
wastewater and sludge, interfere with the endocrine system and the function of
natural hormones in organisms exposed to them (Barber et al., 2011; Bergman,
2013). Previous studies in New Zealand (NZ) and globally have demonstrated that
dairy cows are responsible for far greater amounts of ESHs entering the
environment than other agricultural and municipal sources (Lange et al., 2002;
Hanselman et al., 2003; Sarmah et al., 2006; Gadd et al., 2010; Sim et al., 2011).
Endogenous ESHSs are naturally excreted by animals with conjugated forms of
ESHs primarily excreted via urine because conjugation increases aqueous solubility
and free ESHSs via faeces (Hoffmann et al., 1997; Lange et al., 2002; Zhang et al.,
2014). The relative proportion of ESHs excreted as free or conjugated ESHs is
dependent upon the type, age, and reproductive status of animals (Lange et al.,
2002).
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Conjugated ESHSs incorporate glucuronide or sulphate groups on the hydroxyl
groups of endogenous free ESHs (17a-estradiol (17a-E2), 17B-estradiol (17p-E2),
estrone (E1), estriol (E3)) at a single or multi carbon positions 3, 16 or 17 (Table
3-1). The conjugation of ESHs mainly occurs in the liver of animals through
glucuronidation and sulfation reactions using glucuronosyltransferase (UGT) and
various sulfotransferase enzymes (SULTs) (James, 2011). Consequently,
conjugated ESHs excreted by dairy cows are present in different structural forms of
which 17a-estradiol-3-sulphate (170-E2-3-S) (Hutchins et al., 2007) and estrone-
3-sulphate (E1-3-S) (Gadd et al., 2010) are the principal contributors.

The water solubility of conjugated ESHSs is as much as 78 times greater than their
corresponding free form (Casey et al., 2019), facilitating their depuration from the
body by the kidneys and release in the urine. These highly water-soluble
compounds (aqueous solubility range from 2-999 g/L) have a low octanol-water
partition coefficient (log Kow) between 0.29-2.90 (Lai et al., 2000) and organic
carbon partition (log Koc) of 2.21 (E1-3-S) and 2.46 (17a-E2-3-S) (Chen and Hu,
2010) comparing to the free ESHs log Kow range between 3.43 — 3.94 (Ying et al.,
2002). Consequently, conjugated ESHs preferentially partition into aqueous
solutions and bind to solid material to a much lesser extent than their corresponding
free forms (Scherr et al., 2009; Shrestha et al., 2012; Bai et al., 2013; Goeppert et
al., 2015). Therefore, conjugated ESHs are significantly more mobile than their
corresponding free forms and can contaminate surface and groundwater when
agricultural waste and effluent is applied to land (Yost et al., 2014; Ma et al., 2016;
Casey et al., 2020).
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Figure 3-1: Three examples for glucuronide, sulphate and both glucuronide and sulphate groups attached
to the ESHs, E1 and 17B-E2. (a) sulphate group attached to E1 at position 3. (b) glucuronide group
attached to 17B-E2 at position 17. (c) glucuronide and sulphate group attached to 178-E2 at positions 17
and 3 respectively. (d) and (e) parent ESHs, E1 and 17B-E2 produced through enzymatic hydrolysis and
solvolysis processes
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Conjugated ESHs do not interact with the estrogen receptors within humans and
animals and therefore are not biologically active (Norris and Carr, 2005). Upon
their entry into wastewater treatment systems or release into the environment,
conjugated ESHSs are de-conjugated by arylsulfatase and -glucuronidase enzymes
derived from bacteria yielding their respective biologically potent free forms
(Zheng et al., 2012; Noguera-Oviedo and Aga, 2016; Ben et al., 2017).

The removal and transformation of conjugated ESHs during wastewater treatment
is reported to increase with solids retention times and temperature (Gomes et al.,
2009b; Kumar et al., 2015; Ben et al., 2017). Numerous studies demonstrate
glucuronide conjugates of ESHs are more susceptible to deconjugation than the
corresponding sulphate conjugates in dairy cow excreta and treatment lagoons
(Hutchins et al., 2007; Gadd et al., 2010; Zhang et al., 2014), soils (Goeppert et al.,
2015; Ma and Yates, 2017), river water (Kumar et al., 2012) and raw sewage (Ben
etal., 2017).

Analysis of conjugated ESHs is more challenging than the free forms due to their
higher polarity and hydrophilic nature. They are typically analysed by either Gas

chromatography-mass spectrometry (GC-MS) or liquid chromatography-tandem
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mass spectrometry (LC-MS-MS). GC-MS is commonly used for indirect analysis
of conjugated ESHs in drugs, urine, and animal waste. This is preceded by
enzymatic (commonly using commercial preparations of Helix pomatia p-
glucuronidase enzyme) and/or chemical solvolysis reactions that respectively
cleave the glucuronide and sulphate groups to produce free ESHs. These free ESHs
are subsequently derivatised for gas chromatographic separation and analysis
(Meng and Sjovall, 1997; Labadie and Budzinski, 2005b; Combalbert et al., 2010).

When using GC-MS to analyse conjugated ESHSs, the deconjugation process is
challenging due to the inherent instability, and consequent variability of
commercial B-glucuronidase enzyme preparations, inefficiencies in the
deconjugation of the sulphate conjugates, and the complexity and laborious nature
of multi-step procedures (Gomes et al., 2009a). In comparison, LC-MS-MS
provides the advantage of being able to analyse conjugated ESHSs directly thereby
alleviating the issues concerning deconjugation and derivatisation procedures and
allowing simultaneous and direct analysis of both free and conjugated ESHs (Reddy
etal., 2005; Gadd et al., 2010; Zhang et al., 2014). However, in contrast to GC-MS
instruments, the relatively high cost of sensitive LC-MS-MS instruments means
they remain inaccessible to many laboratories, including the laboratory used in this
research. Furthermore, the analysis of ESHs by LC-MS-MS is affected by co-
extracted residues from complex sample matrices that impact the ionisation of
ESHs, leading to poor recoveries of some conjugated ESHs (Gomes et al., 2009a).
Therefore, the GC-MS method was used in this study to analyse the conjugated
ESHs.

The difficulty of analysing conjugated ESHs in complex matrices has contributed
to the limited number of studies investigating their fate within animal wastes and
treatment systems. This is despite the evidence suggesting conjugated ESHs
represent a significant proportion (up to 49 %) of the total ESH load in DSE and
DSE treatment systems (Hutchins et al., 2007; Zhang et al., 2014). Ignoring the
significance and fate of conjugated ESHs within DSE and dairy effluent treatment

systems (ETSs) can result in underestimating the performance of the treatment
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system in removing ESHSs and the potential impact of this agricultural waste stream

on the environment upon recycling to pasture.

KURA Biotec BGS™ is a new and noval enzyme with a dual recombinant j-
glucuronidase and arylsulfatase enzyme reagent with overlapping optimum
incubation pHs (6.8 - 7.0) and temperatures (50°C - 55°C) allowing simultaneous
deconjugation of glucuronides and sulphate conjugates in urine samples. The
BGS™ glucuronidase and sulfatase activities are > 200,000 U/mL and > 250,000
U/mL respectively. The BGS™ [-glucuronidase and arylsulfatase enzyme’s was
selected to be used in the research due to its proclaimed ability to simultaneously
deconjugate glucuronide and sulphate conjugates together with the glucuronidase
and sulfatase activities provide a significant advance compared to the commonly
used Sigma-Aldrich brand Helix pomatia (H. pomatia) B-glucuronidase enzyme
that requires two deconjugation steps (chemical solvolysis and enzymatic
hydrolysis) and has lower glucuronidase and sulphatase enzymatic activity (>
100,000 U/mL B-glucuronidase and <7,500 U/mL sulfatase). However, it is unclear
how the BGS™ enzyme will perform compared to the H. pomatia enzyme using
DSE and DSE sludge and effluent samples as this enzyme was designed for urine

sample for medical purposes.

This chapter describes how these knowledge gaps were addressed by:

e  assessing and validating the performance of a new commercial enzyme
reagent (BGS™) to deconjugate sulphate and glucuronide ESH conjugates in
samples from DSE treatment system, for analysis by GC-MS.

e  applying the optimised deconjugation procedure to quantify total conjugated
ESHs in the dissolved and solid phases of influent, sludge and effluent within
a CAP DSE treatment system.

e  determining the contribution of conjugated ESHSs to the total load of ESHSs in
the CAP DSE treatment system.

e  determining the distribution of conjugated ESHs between dissolved and solid
phases of DSE and how this influences their fate within a CAP DSE treatment

system.
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e  estimating the contribution of conjugated ESHs present as a potential source
of free biologically active ESHs following treatment of DSE with a CAP

treatment system.

3.2 Materials and Methods

3.2.1 The study farm

A description of the dairy farm and CAP used to treat DSE, and from which samples

of influent, sludge and effluent were collected can be found in Chapter 2.
3.2.2 Chemicals and materials

All solvents (HPLC grade) and Hyflo Supercell C22 filter aid (VWR Chemicals)
were supplied by Thermo Fisher Scientific, NZ. Deionized water was produced
from a Milli-Q Millipore Integral 5 system. *C6-E1 and **C6-E2 with an isotopic
(purity>99 %), were supplied by Cambridge Isotope Laboratories, and 17p-E2-d4
and E1-d4 (purity>98 %) were supplied by CDN Isotopes. 17a-E2, 17B-E2, E1
(purity>99 %), PE2-3,17-diS, BE2-3-G, BE2-17-G, E1-3-S (purity~95 %),
triethylamine (purity>99 %), ammonium iodide (purity 99+%) and 2-
mercaptoethanol (purity>98 %), trifluoroacetic acid (TFA) (purity 99%) and H.
pomatia B-glucuronidase Type HP-2 (> 100,000 U/mL B-glucuronidase and <7,500
U/mL sulfatase) were supplied by Sigma Aldrich NZ. KURA Biotec BGSTM
recombinant B-glucuronidase/sulphatase mix (50 and 10 % glycerol, v/v) (>200,000
U/mL B-glucuronidase and >250,000-350,000 U/mL sulfatase), KURA Biotec
Instant buffer 1l, and N-Methyl-N (trimethylsilyl) trifluoroacetamide (MSTFA)
(UCT SMSTFA-0, Selectra-Sil) was supplied by PM Separations Australia.
Strata™-X 33um (200 mg and 500 mg) solid-phase extraction (SPE), Strata®
Florosil (1 g) and Strata® NH2 (500 mg) cartridges were obtained from
Phenomenex NZ. Granular anhydrous sodium sulphate, sodium acetate and sodium
carbonate anhydrous (purity 99.5 %) were obtained from Merck NZ. Acetic acid
(J.T Baker, 99.9 %) was obtained from ECP Ltd, NZ.

3.2.3 Collection, preparation and extraction of samples

The method of sample collection, preservation and storage of influent, sludge and

effluent samples from the CAP, collected from March to November 2018 has been
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previously described in Chapter 2. Briefly, the samples were centrifuged to separate
the supernatant which was filtered (dissolved samples) and the centrifuged solids
were lyophilised (solids samples). Total ESHs were extracted from the dissolved
phase by SPE (Oasis HLB cartridges 500 mg) and following rinsing, the conjugated
ESHSs were eluted with a solution of methanol/ammonium hydroxide/Milli-Q water
(Reddy et al., 2005) (March and April Samples) or methanol/Milli-Q-Water
containing triethylamine (Labadie and Budzinski, 2005b) (July, August, October
and November samples) in accordance with the different extraction and clean-up
methods described in Chapter 2. Total ESH residues were extracted from the solid
phase of each sample by accelerated solvent extraction (ASE), followed by SPE
using Oasis HLB cartridges (1 g), and the conjugated ESHs were eluted with a
solution of methanol/Milli-Q-Water containing triethylamine (Labadie and
Budzinski, 2005b). The dissolved and solids phase fractions containing conjugated
ESH eluents were stored at 4 °C before deconjugation.

3.2.4 Evaluation and optimisation of deconjugation procedure

The key aims and differences of the different trials included under the evaluation
and optimisation of the deconjugation procedure are summarised in Table 3-1.
Initially, a new enzymatic deconjugation reagent, Kura BioTec BGS™ recombinant
B-glucuronidase/sulphatase enzyme mix, was used in the evaluation and
optimisation of the deconjugation trials of conjugated ESHs. The purpose of the
deconjugation trials was to evaluate the ability of the BGS™ recombinant enzyme
mix to deconjugate four different conjugated ESHs (BE2-3,17-diS, BE2-3-G, BE2-
17-G and E1-3-S) and once optimised, compare this with a previously validated
method using a combination of H. pomatia p-glucuronidase enzyme and chemical
solvolysis. The enzyme exhibiting best overall performance to deconjugate the
EHSs would then be applied to analyse the conjugated ESHSs in samples from the
CAP ETS.
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Table 3-1: Trials undertaken for the evaluation and optimisation of the deconjugation procedure
organised by sequential order

Trial Description® Enzyme Enzyme Enzyme Volume of
no. Incubation  Incubation Milli-Q-
time” temperature®  Water/Buffer
/enzyme®
1 Enzymatic Hydrolysis BGS™ (50% 30 45 800/100/100
glycerol)
2 Enzymatic Hydrolysis BGS™ (50% 45 45 240/50/50
glycerol)
3 Enzymatic Hydrolysis BGS™ (50% 45 45 240/100/100
glycerol)
4 Enzymatic Hydrolysis BGS™ (50% 45 45 240/150/150
glycerol)
5 Enzymatic Hydrolysis BGS™ (10% 45 53 240/100/100
glycerol)
6 Solvolysis (using 8 mL N/AP N/A N/A N/A
vials)
7 Solvolysis (using 1 mL N/A N/A N/A N/A
vials)
8 Solvolysis followed by BGS™ (10% 45 53 240/100/100
Enzymatic Hydrolysis glycerol)
9 Solvolysis followed by BGS™ (10% 180 53 240/100/100
Enzymatic Hydrolysis glycerol)
10 Solvolysis followed by BGS™ (10% 1440 53 240/100/100
Enzymatic Hydrolysis glycerol)
11 Enzymatic Hydrolysis BGS™ (10% 45 53 240/100/100
followed solvolysis glycerol)
12 Solvolysis followed by H. pomatia 180 55 400/5000/30
Enzymatic Hydrolysis (Type HP-2)

Atime in minutes. B expressed as °C. © expressed as pL. P not applicable. The solvolysis and H. pomatia

enzymatic hydrolysis were completed based on a previous study performed by Labadie and Budzinski (2005a).

The BGS™ enzymatic hydrolysis was performed based on J. L. Callejas (2019).

At the start of each trial (1-12), sets of duplicate or triplicate empty glass tubes were

sequentially spiked with a surrogate standard mixture of *3C6-E1 and *C6-E2 (100
ng mass of each) and a single conjugated ESH standard (BE2-3,17-diS or BE2-3-G

or BE2-17-G or E1-3-S) (500 ng mass), following by evaporation to dryness under

a stream of oxygen-free nitrogen gas (30 °C). To evaluate the recoveries of the

spiked conjugated ESHs samples, the measured recoveries were compared against

equivalent free ESHs spiked concentration. This concentration was calculated by
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dividing the measured parent ESHs molecular weight by the associated conjugated
group molecular weight and multiplying it by the spiked conjugated ESHs mass
(500 ng).

3.2.4.1 Enzymatic hydrolysis (BGS™) of conjugated ESHSs (Trial numbers 1-5)

The purpose of these trials was to assess the efficacy of the BGS™ recombinant
enzyme reagent to deconjugate glucuronide and sulphate conjugates of ESHs. The
procedural steps applied in these trials were based on the recommended method
provided by KURA Biotec when using the BGS™ recombinant enzyme to
deconjugate components in human urine (appendices, Figure A-1). The key

parameters assessed in these trials included:

e The proportions of glycerol in which the BGS™ recombinant enzyme
reagent was prepared (50 and 10 % glycerol) and incubation temperature
(45 and 53 °C) of the enzymatic reagent. These factors were assessed
because of changes to the proportion of glycerol in the supplied BGS™
recombinant enzyme reagent and associated changes to the recommended
incubation conditions recommended by the enzyme manufacturer.

e Different volumes of Milli-Q-Water (800 and 240 pL) to Instant Buffer 11
and BGS™ recombinant enzyme reagent volumes (100, 200 and 300 pL), to
assess the optimum enzyme to solution ratio. In these assessments, the ratio
of the volume of Instant Buffer 1l and BGS™ recombinant enzyme was
maintained as 1:1.

e Incubation times (30 and 45 min). Change of incubation time from 30
minutes (Trial 3) to 45 minutes (Trials 2, 3, 4 and 5) was made following
consultation with Kura to enhance the efficiency of the BGS™ recombinant
enzyme to deconjugate glucuronide and sulphate conjugates of ESHs.

e Type of SPE eluting solvent (methanol and DCM/methanol (95:5 v/v)). In
trial 5, methanol was replaced with a stronger elution solution
(DCM/methanol) to elute the ESHs from the Strata-X cartridges to improve

recoveries and reduced solution evaporation time.
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The dried sequentially spiked samples were re-dissolved in Milli-Q-Water and
Instant buffer 11 (900 pL, 80:10 v/v) (Trial 1) or (290 pL, 24:5 v/v) (Trial 2) or (340
uL, 24:10 v/v) (Trial 3) or (390 pL, 24:15 v/v) (Trial 4). Subsequently, the aqueous
buffered solutions were vortexed and the BGS™ enzyme reagent was added at the
same volume as the added buffer (50 or 100 or 150 pL). The final solutions were
mixed gently by vortex and incubated at 45 °C for 30 (Trial 1) or 45 (Trials 2-5)
minutes. After returning to room temperature, an aliquot of Milli-Q-Water (4 mL,
pH = 2) was added to each solution. Free ESHs were extracted from the Milli-Q
water solutions by SPE using previously rinsed and conditioned Strata-X (200 mg,
6 mL) SPE cartridges at a flowrate of one drop per second, followed by a rinse/wash
with Milli-Q-Water / methanol (4 mL, 9:1 v/v). The Strata-X SPE cartridges were
dried under vacuum to remove the bulk of residual water, and the ESHs eluted with
methanol (12 mL) (in Trial 5 methanol was replaced with DCM/methanol (12 mL,
95:5 v/v) as the elution solvent). The methanol or DCM/methanol eluent was
evaporated to dryness under nitrogen gas (30 °C), re-dissolve in acetone (2 mL),

and stored under refrigeration at 4 “C prior to derivatisation and GC-MS analysis.

3.2.4.2 Solvolysis of sulphate conjugated ESHs (Trials 6 and 7)

Sulphate conjugated ESHSs are more persistent than their glucuronide analogues and
typically require more stringent reaction conditions than those provided by
enzymatic hydrolysis to be deconjugated to free ESHs, and chemical acid solvolysis
is typically required for effective deconjugation. In trials 6 and 7, the solvolysis
procedure, based on previously published methods by Labadie and Budzinski
(2005a) and Combalbert et al. (2010) was implemented to assess its efficacy to
deconjugate sulphate conjugated ESHs. The key parameter assessed in these trials
was the volume of the vial in which the reaction was completed, and from which

the final reaction mixture was recovered.

A solution of MeOH / tetrahydrofuran (1 mL, 20:80 v/v) followed by trifluoroacetic
acid (10 pL) was added to the glass tubes (8 mL) or vials (1 mL) containing the
dried conjugated ESH and carbon-13 labelled free ESH surrogate standards. The
glass tubes or vials were vortexed to solubilise the conjugated and free ESHSs,

incubated at 45 °C for 30 min. After returning to room temperature, the reaction
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mixture was neutralised with Na,COz (100 pL, 0.8 mol/L in Milli-Q-Water),
evaporated to ~100 pL under a stream of oxygen-free nitrogen gas (30 °C), and
Milli-Q-Water (4 mL, pH = 2) was added to the neutralised solution. The
deconjugated free ESHs were recovered from the Milli-Q water solutions by SPE
using previously rinsed and conditioned Strata-X (200 mg, 6 mL) SPE cartridges at
a flowrate of one drop per a second, followed by a rinse/wash with Milli-Q-Water
/ methanol (4 mL, 9:1 v/v). The Strata-X SPE cartridges were dried under vacuum
to remove the bulk of residual water, and the ESHs eluted with DCM/methanol (12
mL, 95:5 v/v). The collected eluent was dried under nitrogen gas (30 °C), re-
dissolved in acetone (2 mL), and stored at 4 °C in a refrigerator prior to

derivatisation and GC-MS analysis.

3.2.4.3 Chemical solvolysis followed by enzymatic hydrolysis (BGS™) of
conjugated ESHs (Trials 8-10)

Trials 8-10 were completed to assess if the combination of chemical solvolysis and
enzymatic hydrolysis using BGS™ recombinant enzyme improved the de-
conjugation of ESH sulphate conjugates beyond that achieved by the BGS™
recombinant enzyme alone. The solvolysis procedure described in previously
published methods (Meng and Sjovall, 1997; Labadie and Budzinski, 2005b;
Combalbert et al., 2010) was adopted and used in combination with the enzymatic
hydrolysis procedure from trial 5. This trial aimed to determine if the introduction
of the chemical solvolysis step and increasing incubation time during enzymatic
hydrolysis (45, 180 and 1440 minutes) improved the extent of deconjugation of the
conjugated ESHs.

The same solvolysis and SPE procedures described previously were applied in this
trial. Following the outcomes of Trials 6 and 7, 1 mL glass reacti-vials were
subsequently used for the chemical solvolysis procedure. Following solvolysis and
neutralisation, the solution was evaporated to ~100 pL under a stream of oxygen-
free nitrogen gas (30 °C) and adjusted to ~240 pL with Milli-Q-Water (pH = 6.8).
Instant buffer 11 (100 pL) was added, the solutions mixed by vortex and the BGS™
recombinant enzyme added (100 pL, 10 % glycerol, v/v). The BGS™ buffered
solution was mixed gently by vortex, incubated at 53 °C for 45, 180, or 1440 mins,
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cooled to room temperature, and Milli-Q-Water (4 mL, pH = 2) was added to each
solution. Free ESHs were extracted from the Milli-Q water solutions by SPE using
Strata-X (200 mg, 6 mL) cartridges as previously described (Trials 1-4) with the
exception of using DCM/methanol (12 mL, 95:5 v/v) to elute the ESHs.

3.2.4.4 Enzymatic hydrolysis (BGS™) followed by Solvolysis (Trial 11)

The purpose of this trial was to confirm if reversing the sequence of the solvolysis
and BGS™ enzymatic hydrolysis procedures improved the recovery of glucuronide
ESHs as free ESHs. The residual acidity carried over by the solvolysis procedure
to the BGS™ enzymatic hydrolysis procedure, could not be balanced by the enzyme
buffer and the specific pH (pH = 6.8) required for optimal performance of the
BGS™ enzyme was extremely difficult to achieve (Callejas, 2019). This problem
could be overcome by reversing the solvolysis and BGS™ enzymatic hydrolysis

procedures.

The dried sequentially spiked samples contained in 1 mL vials were re-dissolved in
Milli-Q-Water (240 pL, pH = 2) and Instant buffer 11 (100 pL). Subsequently, the
aqueous buffered solutions were vortexed and the BGS™ enzyme reagent was
added (100 pL). The buffered BGS™ solution was mixed gently by vortex,
incubated at 53 °C for 45 min, evaporated by Bichi Rotavapor R-200 rotary
evaporation and re-dissolved in MeOH / tetrahydrofuran (1 mL, 20:80 v/v).
Subsequently, trifluoroacetic acid (10 puL) was added and the acidified solution was
vortexed, incubated at 45 °C for 30 min (Labadie and Budzinski, 2005b),
neutralised with Na2CO3 (240 pL, 0.3 mol/L in Milli-Q-Water), evaporated to ~240
ML under a stream of oxygen-free nitrogen gas (30 °C) and Milli-Q-Water (4 mL,
pH = 2) was added to the neutralised solution. Free ESHs were extracted from the
Milli-Q water solutions by eluting them through previously conditioned Strata-X
(200 mg, 6 mL) cartridges at a flowrate of one drop per a second followed by a
rinse/wash with Milli-Q-Water / methanol (4 mL, 9:1 v/v). The Strata-X SPE
cartridges were dried under vacuum to remove the bulk of residual water, and the
ESHs eluted with DCM/methanol (12 mL, 95:5 v/v). The collected eluent was dried
under nitrogen gas (30 °C), re-dissolved in acetone (2 mL), and stored at 4 °C in a

refrigerator prior to derivatisation and GC-MS analysis.
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3.2.4.5 Solvolysis followed by enzymatic hydrolysis (Helix pomatia) (Trial 12)

The purpose of this trial was to compare the performance of the optimised BGS™
enzymatic hydrolysis and sequential chemical solvolysis ESH deconjugation
procedure with a previously published procedure employing sequential chemical
solvolysis and enzymatic hydrolysis using H. pomatia enzyme (Labadie and
Budzinski, 2005b). The dried sequentially spiked samples were re-dissolved in
MeOH / tetrahydrofuran (1 mL, 20:80 v/v) and trifluoroacetic acid (10 pL),
vortexed and incubated at 45 °C for 30 min. Subsequently, the reaction mixture was
neutralised with Na2CO3z (400 pL, 0.2 mol/L in Milli-Q-Water) and evaporated to
~400 pL under a stream of oxygen-free nitrogen gas (30 °C). Sodium acetate buffer
(5 mL, pH=5) was added to the neutralised solution, following by mixing by vortex
and the addition of the H. pomatia B-glucuronidase enzyme (30 pL). The buffered
enzyme solution was mixed gently by vortex, incubated at 55 °C for 180 min and
adjusted to pH = 2 using diluted sulphuric acid. Free ESHs were extracted from the
pH adjusted solutions by SPE using Strata-X (200 mg, 6 mL) SPE cartridges as
previously described.

3.2.5 Deconjugation of the CAP samples

The unavailability of suitable LC-MS-MS instrumentation precluded its use in this
study. Therefore GC-MS was used in combination with enzymatic and chemical
deconjugation to analyse conjugated ESHs in DSE and a DSE treatment system.
The final procedure used to deconjugate, extract and analyse conjugated ESHs in
the dissolved and solids phases of the extracted CAP samples is summarised in

Figure 3-2.
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Figure 3-2: Schematic diagram of the chemical analysis procedure for conjugated ESHs. A=evaporation
and re-dissolving step, QA=Quality assurance step)

The solutions containing conjugated ESHs from the solids and dissolved phase CAP
ETS samples were dried by rotary evaporation (Bichi Rotavapor R-200), re-
dissolved with methanol (2 mL), filtered through a mini-column of Hyflo Supercell
C22 filter aid and collected in glass tubes (8 mL). The filtered sample extracts were
evaporated to ~0.25 mL under a stream of oxygen-free nitrogen gas (30°C) and
transferred to a reacti-vials (1 mL) with triplicate rinses of methanol (3 x 0.25 mL).
The solids and dissolved sample extracts were evaporated to dryness under a stream
of oxygen-free nitrogen gas (30°C) and re-dissolved in Milli-Q-Water (240 uL, pH
= 6.8), Instant buffer 11 (100 pL) and BGS™ recombinant enzyme (100 pL). The

buffered BGS™ solution was gently vortexed to mix and incubated (53°C, 45 min).
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After incubation, the solutions were dried by centrifugal evaporation
(Labconco ,1450 rpm, -4 °C, cold trap -105°C). The dried extracts were re-
dissolved in methanol/tetrahydrofuran (1 mL, 2:8 v/v), transferred to a reacti-vials
(1 mL), and trifluoroacetic acid (10 pL) was added. The solvolyis reaction was
completed by incubating the reaction mixtures at 45°C for 30 minutes (Labadie and
Budzinski, 2005b). At the conclusion of the reaction the solutions were returned to
room temperature, neutralised with Na,COz (240 uL, 0.3 mol/L) and evaporated to
~240 pL under a stream of oxygen-free nitrogen gas (30°C). Milli-Q-Water (4 mL,
pH = 2) was added to the neutralised solution and the free ESHs were extracted by
eluting through Strata-X (500 mg, 6 mL) SPE cartridges at a flow rate of 5 mL/min.
The Strata-X cartridges were dried under vacuum to remove the bulk of residual
water and connected in series to a Florosil (1 g, 6 mL) SPE cartridge topped with
~3 cm layer of anhydrous granular sodium sulphate (dried overnight at 450°C)
which was connected in series to a NH2 (500 mg, 6mL) SPE cartridge (Labadie and
Budzinski, 2005b). The connected cartridges were mounted in a SPE vacuum
extraction manifold and the ESHs simultaneously eluted and purified by passing
dichloromethane (DCM)/methanol (30 mL, 95:5 v/v) through the combined SPE
cartridges and collecting the eluent in glass vials. The purified extracts were dried
under nitrogen gas (30°C), re-dissolved in acetone (2 mL), and stored at 4°C prior

to derivatisation.
3.2.6 Instrumental analysis of ESHs

All standards and CAP ETS samples were derivatised and analysed using GC-MS
as previously reported (Chapter 2).

3.2.7 Quality assurance

QA samples, which were incorporated within each batch (n = 5-8) (dissolved or
solids phase) of DSE samples included a Mill-Q-Water blank, a Milli-Q-Water
spiked and a spiked matrix recovery sample. The recovery spiked matrix sample
was obtained by evenly splitting a selected sample (the dissolved or solids phase of
influent, sludge or effluent samples) into two, leaving one half unaltered while the
other half was spiked with a mixture of conjugated ESHs containing 500 ng each.
All samples, except the QA Milli-Q-Water blank, were spiked with a surrogate

standard mixture of 3C6-E1 and 3C6-E2 (100 ng each). The QA Milli-Q-Water
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spike and spiked matrix recovery samples were spiked with a mixture of conjugated
ESHs containing BE2-17-G and E1-3-S (500 ng each).

The recovery of conjugated ESHs from the QA spiked matrix samples was
determined by deducting the final measured concentration of free ESHSs in the un-
spiked half of the QA matrix sample from the half that was spiked with the mixture
of conjugated ESHSs. For determining overall recovery by the extraction method, a
corresponding aliquot of the surrogate standard (*3C6-E1 and *C6-E2) and target
parent compound (17a-E2, 173-E2, E1) spike mixes added to each set of extracted
and QA samples were transferred into a reacti-vial for use as a comparative standard
for the calculation of their recovery. The preparation of the calibration solution was

completed as previously described (Chapter 2).
3.2.8 Total estrogenicity

The total estrogenicity, expressed as the estrogen equivalents (EEQs) was
calculated after assuming the conjugated ESHs would ultimately be deconjugated
and converted into their free biologically active form. EEQs were calculated for
individual free ESHs by multiplying their measured concentration by their
respective potency factors determined from the ERCalux bioassay (Kolkman et al.,
2013).

3.3 Results and discussions

3.3.1 Evaluation and optimisation of deconjugation procedure

3.3.1.1 Deconjugation trial outcomes

The mean % recovery of free ESHs produced from the deconjugation trials of
glucuronide and sulphate conjugated ESHs are summarised in Figure 3-3 and
reported in detail in the appendices (Table A-5 and Table A-6)
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W BGS™ Enzymatic Hydrolysis (Trials 2-4)
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Figure 3-3 Deconjugation trial recovery of glucuronide or sulphate conjugated (mean (%) + standard
deviation of the mean).

Trials 1,5,6,9 and 10 results were not suitable due to poor reproducibility (Trial 5),
or poor recovery of BE2-3,17-diS (Trials 1,5,6 and 10), E1-3-S (Trial 6), 3C6-E2
(Trials 9 and 10) and BE2-3-G and BE2-17-G (Trials 9 and 10). Therefore, these
were excluded from the assessment of the performance of the BGS™ to

deconjugate sulphate and glucuronide ESH conjugates.

The BGS™ recombinant enzyme mix hydrolysis deconjugation trials (Trials 2-4)
demonstrated a mean recovery of 87.2 % (98.4 % for 13C) and 71.9% (98.3 % for
13C) for the glucuronide and sulphate ESHs respectively, exhibiting the most
efficient recovery (Sdev = 4.40%) of the glucuronide group but a diverse recovery
range (Sdev = 45.8%) of the sulphate group. The variable recovery of the sulphate
conjugated ESHs after deconjugation by the BGS™ indicated the need to introduce
a chemical solvolysis step to improve the deconjugation efficiency of the sulphate
conjugated ESHs. The solvolysis procedure (Labadie and Budzinski, 2005a)
showed an improved mean recovery of 112% (90.4 % for 13C) of the sulphate
conjugated group when the acidification was completed in 1 mL tubes (Trial 7).
Incorporating the solvolysis procedure prior to the BGS™ enzymatic hydrolysis
(Trial 8) (sequence previously performed by Labadie and Budzinski (2005a) and
Combalbert et al. (2010) using the H. pomatia enzyme), demonstrated a mean
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recovery of 40.3 % (45.5 % for 13C) and 43.0 % (87.5 % for 13C) for the
glucuronide and sulphate conjugated ESHs respectively. These recoveries were
related to the enzyme incubation time, whereby the highest mean recovery of the
glucuronide and sulphate groups were obtained during the enzymatic incubation
time of 45 minutes. At an enzymatic incubation time of 45 minutes, the solvolysis
following the BGS™ enzymatic hydrolysis procedure provided slightly lower, but
more repeatable recovery of the sulphate group than Trials 2-4 in which only the
BGS™ enzymatic hydrolysis was used, however, this trial obtained reduced mean
recovery of the glucuronide group in comparison with trials 2-4. The reduced
recovery of the glucuronide and sulphate groups during the solvolysis following the
BGS™ enzymatic hydrolysis procedure (Trial 8) was likely to be caused by the
acidity carried over from the solvolysis procedure which could not be balanced by
the enzyme buffer and the requisite small solution volumes to meet the BGS™
enzyme optimum pH level of 6.8 (J. L. Callejas, 2019). Changing the sequence of
the procedure used in Trial 8 to BGS™ enzymatic hydrolysis followed by solvolysis
(Trial 11), improved, in comparison with Trial 8, the BGS™ enzyme deconjugation
performance of the glucuronide and sulphate with mean recoveries of 70.6 %
(78.4 % for 13C) and 46.1 (97.2 % for 13C) respectively. However, sulphate Trial
11 resulted in reduced mean recoveries compared to the BGS™ hydrolysis and
solvolysis when performed separately (Trials 2-4 and 7 respectively). For further
comparison, the deconjugation procedure used by Labadie and Budzinski (2005a)
using the H. pomatia enzyme (Trial 12), gave slightly reduced mean recoveries
compared with the BGS™ hydrolysis following by the solvolysis procedure (Trial
11) with recoveries of 64.9 % (80.9 % for 13C) and 35.2 % (85.4 % for 13C) for
the glucuronide and sulphate groups respectively.

In conclusion, when using the BGS™ enzyme to deconjugate ESHs it was
necessary to reverse the commonly used sequence of solvolysis followed by
enzymatic hydrolysis deconjugation. The BGS™ hydrolysis followed by the
solvolysis procedure obtained the most stable and reproducible recovery of both the
glucuronide and sulphate groups which were slightly better than the recoveries

obtained by the deconjugation method using the H. pomatia enzyme and proved the
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superiority of the new product, which was therefore selected to be used in this
research for analysing the CAP samples.

3.3.2 Occurrence of conjugated ESHs in the influent, sludge and

effluent of CAP treatment system

3.3.2.1 QA within field samples

The analysis of QA blanks from the extracted dissolved and solid-phase samples
confirmed that there were no background traces of any of the conjugated ESHs or
surrogate standards. Recoveries of the parent E2 and E1 from QA samples spiked
with BE2-17-G and E1-3-S and surrogate standards *C6-E1 and '*C6-E2 are
summarised in Table 3-2.

Table 3-2: Recoveries after deconjugation process and extraction of the parent 178-E2 and E1 spiked in
the solids and dissolved phase and Milli-Q-water samples as BE2-17-G and E1-3-S, and surrogate
standards **C6-E2 and *C6-EL1.

Description Parent 17-E2 Parent E1 13C6-E2 13C6-E1
sﬁ;'ggd matrix-dissolved g7 6 249 n=p)A  51.0(227,n=2) 915 (6.3, n=2) 79.1 (18.6, n=2)
sﬁ;'gzd matrix-solids 708 (5.10,n=4) 468 (12.7,n=4)  77.4(12.7, n=4) 80.6 (11.5, n=4)
Spiked Milli-Q-Water 758 (255,n=6)  39.2 (6.40,n=6)  67.4 (9.71, n=6) 74.4 (16.2, n=6)
g;fnsg:‘efsed Phase 832 (153,n=21)  66.0(35.7,n=21)

Solids Phase Samples 78.4 (18.0,n = 18) 75.2 (18.5,n =18)

AValues are expressed as mean %, (Sdev, n).

The mean recovery of the surrogate standards **C6-E2 and $3C6-E1 from the spiked
(BE2-17-G and E1-3-S) matrix dissolved and solids phase samples (77.4-91.5 %)
was similar to that from the spiked Milli-Q-Water (67.4-74.4 %) and the analysed
dissolved and solid phase field samples (66.0-83.2 %) and comparable to those
obtained from the previous analysis of free ESHs from the same samples (Chapter
2, 68.7-117 %) and the recovery of deuterated E1 and E2 from previous studies of
free ESHs in DSE and DSE treatment system, that is 91 % and 92 % respectively
for E2-d4 and E1-d4 and 105 % for E2-d4 reported respectively by Gadd et al.
(2010) and Sarmah et al. (2006). The mean recoveries of BE2-17-G and E1-3-S
from the spiked dissolved and solid phases matrix samples and Milli-Q-Water
samples were comparable to the recovery of dissolved phase conjugated ESHSs in
DSE (91-129 %) reported by Gadd et al. (2010), the recovery of E1-3-S (56 % and
72 %), 17B-E2-3-S (82 % and 95 %), E1-3-G (98 % and 64 %) and 17B-E2-3-G
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(102 % and 73 %) from the faeces and urine respectively of cow, swine and chicken
(Zhang et al., 2014) and spiked water (E1-3-S = 96 %, 17p-E2-17-G = 23 %) and
swine lagoon effluent (E1-3-S = 110 %, 17p-E2-17-G = 150 %) (Hutchins et al.,
2007) using direct analysis by LC-MS-MS, and from river water (92 % for E2-G
and 84 % for E2-G) in which chemical solvolysis and enzymatic hydrolysis were
employed (Labadie and Budzinski, 2005b).

3.3.2.2 Concentration of conjugated ESHs in the dissolved and solid phases

Conjugated ESHs were detected in all analysed samples from the CAP ETS. The
mean concentration of the conjugated glucuronide and sulphate conjugated forms
sum (X Conjugated) of El, 17b-E2, 17a-E2, and their corresponding total ESHs
measured in the dissolved, solids and combined (total) phases are presented in
Figure 3-4, Figure 3-5 and Figure 3-6 respectively and reported in details in the
appendices (Table A-7 and Table A-8).

Dissolved Phase

1000
=
< 113
g 100 55.5 52.5
E " 25.2 26.0 235
=
=
8
S 10 6.65  6.65
(=]
a0 I 2.96
o
-

1

Influent Sludge Effluent

m Z Conjugated 17a-E2 m Z Conjugated 17B-E2 m  Conjugated E1 m Z Conjugated ESHs

Figure 3-4: Mean concentration (Log scale) and sum of all conjugated ESHs for each of 17a-E2, 17-
E2, E1 and ESHs in the dissolved phase.

67



Chapter 3: The importance and fate of the conjugated estrogenic steroid hormones
in dairy shed effluent and an effluent treatment system

Solids Phase
967
1000 486
= 210 271
137
E 101
= 100
2
© 25.1
E 19.7
o 10.6 10.5
§ 10 5.81
- 3.4
o
-
1
Influent Sludge Effluent

m? Conjugated 17a-E2 m Z Conjugated 17B-E2 m Z Conjugated E1 m Z Conjugated ESHs

Figure 3-5: Mean concentration (Log scale) and sum of all conjugated ESHs for each of 17a-E2, 17f-
E2, E1 and ESHs in the solids phase.
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Figure 3-6: Mean concentration (Log scale) and sum of all conjugated ESHs for each of 17a-E2, 178-E2,
E1 and ESHs in the combined phase (total).

3.3.2.3 Concentration of conjugated ESHs (ng/L) in the dissolved phase of CAP
influent, sludge and effluent

Unsurprisingly, the highest concentrations of conjugated ESHs measured in the
dissolved phase were in the influent samples of the CAP ETS (Figure 3-4), in which

17a-E2 was measured in all the samples from March to November at concentrations
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between 22.6 ng/L to 89.1 ng/L (mean = 55.5 ng/L), however the concentration of
the 17a-E2 conjugates was the highest on only two of the six sampling occasions.
In comparison, 17B-E2 and E1 detection frequencies were 83.3 % and 50.0 %
respectively in which the corresponding concentrations were the highest for
respectively three out of six and one out of six of the sampling occasions.
Conjugated E1 provided the highest concentration overall (137 ng/L and mean of
25.2 ng/L) while conjugated 17B3-E2 provided the lowest concentration overall with
a maximum concentration of 67.4 ng/L (mean = 32.7 ng/L). The highest
concentration of total conjugated ESHs of the dissolved influent samples was
measured in the April sample (552 ng/L) and the lowest during October (69.8 ng/L)
and November (97.1 ng/L) samples. This seasonal pattern in the concentration of X
Conjugated ESHs exhibits a similar seasonal pattern to that which was previously
observed for free ESHs (Chapter 2) and corresponds to calving being typically July
to October.

In contrast to the influent samples, the only conjugated forms of conjugated ESHs
measured in the dissolved phase of the CAP sludge were those of 17B-E2 (N.D-
17.6 ng/L). Conjugated 17B-E2 was detected for three out of six sampling times
corresponding to the August to November sampling times. The concentration of £
Conjugated ESHs in the dissolved phase of the CAP sludge was between two- to
eight-fold less than that in the corresponding samples of influent indicating that

deconjugation have occurred within the CAP.

Conjugated ESHs were detected in the dissolved phase of all effluent samples, four
out of six, two out of six and one out of six samples respectively for 170-E2 (N.D-
48.8 ng/L), 17B-E2 (N.D-9.00 ng/L) and E1 (N.D-141ng/L) and170-E2 was
predominant with mean concentrations of 26.0 ng/L. As observed for the CAP
sludge dissolved samples, the conjugated ESHs in the dissolved phase of the
effluent were not detected in the March and April samples. The mean concentration
of the X Conjugated ESHs (52.5 ng/L) in the dissolved phase of the effluent was
approximately half that of the dissolved influent sample ¥ Conjugated ESHs
concentration, but almost eight-fold higher than that in the corresponding samples

of sludge.
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The total conjugated ESHs measured in the dissolved phase of the influent is
comparable with the conjugated ESH concentration range of 12-320 ng/L measured
for DSE from 18 dairy farms in NZ (Gadd et al., 2010). Similarly, the sum of
conjugated 170-E2 and 17p-E2 measured concentration in the dissolved phase of
the influent samples in this study are comparable with 17a-E2-3-S and 173-E2-di-
S detected in DSE of four farms in NZ at concentration ranges from N.D-230 ng/L
and 17-230 ng/L respectively (Gadd et al., 2010). In comparison, the total
conjugated ESHs measured in the dissolved phase of the influent is comparable to
the conjugated ESH concentration measured in the dissolved phase of urine samples
from replacement cow (132-173 ng/L (Zhang et al., 2014)) and farrowing sow
manure (177 ng/L (Combalbert et al., 2010)), however, significantly less than the
dissolved phase of samples from sow urine (42,534 ng/L (Zhang et al., 2014)) and
higher than the dissolved phase of municipal waste (19.5-38 ng/L (Reddy et al.,
2005; Ben et al., 2017)). The effluent £ Conjugated ESHs concentration in the
dissolved phase measured in this study is lower than the £ Conjugated ESHs
concentration of 299 ng/L (sum of E1-3-S, 170-E2-3-S and 17B-E2-S) in dairy
lagoon effluent (Hutchins et al., 2007), however, corresponds with slurry samples
of anaerobic swine waste lagoon which had similar levels of E1-3-S (Yost et al.,
2013).

3.3.2.4 Concentration of conjugated ESHs in the solids phase of CAP influent,
sludge and effluent

The concentrations (ng/g) of conjugated ESHs measured in the solids phase of the

samples from the CAP treatment system are presented in Table 3-3.
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Table 3-3: Concentration of conjugated ESHs (ng/g) measured in the solid phase of raw influent, sludge
and effluent samples of the CAP system

DSE/CAP INFLUENT

Zconj Mar Apr Jul Aug Oct Nov Mean Range®  Median  Sdev®
170-E2 2.93¢ 37.0 34.5 114 N.DP 1.76 14.6 N.D-37.0 7.16 16.9
17B-E2 N.D 9.00 8.19 4.46 N.D N.D 3.61 N.D-9.00 2.23 4.24
El N.D N.D 9.17 N.D N.D N.D 1.53 N.D-9.17 N.D 2.74
SESHs 2.93 46.0 51.8 15.9 N.D 1.76 19.7 N.D-51.8 9.39 23.4
CAP SLUDGE
170-E2 N.D N.D N.D 151 N.D N.D 2.56 N.D-15.1 N.D 6.16
17p-E2 15.7 2.53 105 1.60 2.72 2.53 5.92 1.60-15.7 2.63 5.79
El N.D N.D 19.8 N.D N.D N.D 3.30 N.D-19.8 N.D 8.09
SESHs 15.7 2.53 305 16.7 2.72 2.53 11.8 2.53-30.5 9.19 11.4
CAP EFFLUENT
170-E2 N.AE N.A 10.2 8.00 N.D N.D 4.56 N.D-10.2 4.00 5.34
17p-E2 N.A N.A 5.19 491 N.D N.D 2.52 N.D-5.19 2.46 2.92
El N.A N.A N.D 5.92 N.D N.D 1.48 N.D-5.92 N.D 2.96
SESHs N.A N.A 154 18.8 N.D N.D 8.56 N.D-15.4 7.71 10.0

Aminimum to maximum. B standard deviation. © The measured concentration of conjugated ESHs in the solids phase
of each sample (in ng/g). © not detected.  not available.

Although conjugated ESHSs exhibit high water solubilities and demonstrate low log
Koc (Chen and Hu, 2010), conjugated ESHs were measured within the solid phase
of the CAP ETS samples (Table 3-3). The adsorption characteristics of the
conjugated ESH onto the solid phase due to the hydrophobic properties of the
steroid moiety allowing hydrophobic bonding and increased affinity to the
particulate phase. Other mechanisms can include hydrogen bonding and/or reduced
polarity and electrostatic attributes when the glucuronide or the sulphate group is
cleaved (Chen and Hu, 2010).

The mean measured concentration (in ng/g) of £ Conjugated ESHs in the solids
phase (Table 3-3) of the influent samples (19.7 ng/g) were slightly higher than the
mean values of the sludge (11.8 ng/g) and the effluent (8.56 ng/g) samples.
However, showed a similar profile to the dissolved influent sample (Figure 3-3)
with 17a-E2 being the dominant species detected in five out of six samples (14.6
ng/g and maximum concentration of 37.0 ng/g), followed by 17p-E2 (3.61 ng/g
detected in three out of six samples with a maximum concentration of 9.00 ng/g)

and E1 (1.53 ng/g detected in only one sample at concentration of 9.17 ng/g). In
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comparison, the concentrations and detection occurrence of the individual
conjugated ESH in the solid phase of the sludge and effluent were 170-E2
(respectively at 2.56 ng/g detected in one out of six samples with a maximum
concentration of 15.1 ng/g and 4.56 ng/g detected in two out of six samples with a
maximum concentration of 10.2 ng/g), 17B-E2 (respectively at 5.92 ng/g detected
in six out of six samples with a maximum concentration of 15.7 and 2.52 ng/g
detected in two out of six samples with a maximum concentration of 5.19 ng/g) and
E1 (respectively at 3.30 ng/g detected in one sample at concentration of 19.8 ng/g

and 1.48 ng/g detected in one sample at concentration of 5.92 ng/g ).

To the best of our knowledge, our data is the first to report concentrations of
conjugated ESHs in the solids phase of sludges (Solid Retention Time~30 days)
from an anaerobic digestion treatment system, therefore making a useful
contribution to the research on this topic. For comparison, lower concentrations of
glucuronide and sulphate conjugated ESHs (0.4-1.3 ng/g and 0.3-0.8 ng/g

respectively) were measured in treated municipal activated sludge (Ben et al., 2017).

3.3.2.5 Total concentration of conjugated ESHs (ng/L) in the CAP influent,
sludge and effluent

The mean total combined X Conjugated ESHs concentration in the dissolved and
solid phases (Figure 3-6) of the influent samples was 250 ng/L. The mean
concentration of total ¥ Conjugated ESHs measured in the dissolved and solid phase
in the sludge samples was 974 ng/L. The greater proportion (967 ng/L) of X
Conjugated ESHs were associated with the solid phase. The concentration of total
¥ Conjugated ESHs concentration in the sludge was approximately four and 13.5
times higher than that in the influent and effluent samples respectively. However,
in contrast to the influent and effluent samples, the predominant species in both
solid and dissolved phases of sludge was X Conjugated 17p-E2 (486 ng/L) with a
mean concentration of 492 ng/L detected in six out of six samples followed by E1
(271 ng/L) and 170-E2 (210 ng/L) detected in one and two out of six samples
respectively suggesting that the conjugated 17p-E2 species is less susceptible to
deconjugated than E1 and 17a-E2.
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As for the influent, the dominant species in the combined total effluent samples was
¥ Conjugated 170-E2 s with a mean concentration of 36.5 ng/L detected in four out
of six samples followed, unlike the influent, by E1 (26.9 ng/L) and then 17B-E2
(8.76 ng/L) detected in one and three out of six samples respectively. The low
measured conjugated 17p-E2 concentration in the effluent and high concentration
in the sludge, suggesting that the conjugated 173-E2 species are more amenable to
staying in the sludge. The ¥ Conjugated ESHs concentration in the combined total
dissolved and solid phase of the effluent (Figure 3-6) of 72.1 ng/L is approximately
30% the conjugated XESHs concentration entering this system (influent) indicating
the persistency of the conjugated ESHs through an anaerobic digestion system
(Zhang et al., 2014) possibly in the form of conjugated sulphate ESHs (Gadd et al.,
2010) and reduced removal capabilities compared with aerobic treatment (Zheng et
al., 2013). The dominant parent conjugated ESHs measured in the dissolved and
solid phase of the influent correlate well with other DSE free ESH studies that found
the 17a-E2 is present in the highest concentration (Chapter 2) (Gadd et al., 2010;
Noguera-Oviedo and Aga, 2016).

3.3.3 Transformation and fate of conjugated ESHs in CAP treatment

system

The greatest proportion of the ¥ Conjugated ESHs were associated with the solid
phase of the sludge samples (Figure 3-6). The total mean concentrations of X
Conjugated 17a-E2, 17B-E2 and E1 in the sludge samples increased (by 133 %,
848 % and 752 % respectively) compared with the measured total conjugated ESHs
in the influent. The high increase of £ Conjugated 17p-E2 and E1 in the sludge
compared with the ¥ Conjugated 17B-E2 and E1 in the influent indicates an increase
of estrogenic potential of the sludge (Chapter 2) (Kolkman et al., 2013). In
comparison, when observing the £ Conjugated ESHs in the effluent samples, the
total mean concentrations of the ¥ Conjugated 17a-E2 and 178-E2 were reduced by
75 % and 88 % respectively and E1 was slightly increased (by 110 %) compared
with the measured total conjugated ESHs in the influent. The CAP treatment system
demonstrated a total £ Conjugated ESHs reduction of 67 %. The incomplete
removal of the conjugated ESHSs is possibly due to the persistence of sulphate

conjugated 170-E2, 17B-E2 and E1 in the DSE as such persistence has been shown
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in animal waste (Zheng et al., 2013), sludge (Chen and Hu, 2010) and wastewater
(Ben et al., 2017) treatment systems and soils (Bai et al., 2013). This could not be
demonstrated in this study since the sulphate and glucuronide conjugated ESHs
were assayed together due to the methodology employed. Future work might
separately assay the glucuronide and subtract form the total to give sulphate

contribution.
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3.3.4 Contribution of conjugated ESHSs (%0) to the total load of ESHSs in
the CAP treatment system

The relative proportion that conjugated ESHs contribute to the total concentration
of ESHs (free + conjugated) in the CAP ETS samples are presented in Figure 3-7
and reported in details in the appendices (Table A-9 to Table A-14).
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Figure 3-7: Phase related percentage contribution of conjugated ESHs (%) to the dissolved and solid
phase and total ESH load within a CAP influent, sludge and effluent (X Conj=X Conjugated)
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As expected, the contribution of conjugated species to total ESH load was greatest in the
influent and substantially reduced in the sludge and effluent. This indicates that deconjugation
IS occurring in the system. In contrast to the profiles of free steroids shown in Chapter 2, where
free E1 dominated sludge and effluent samples, conjugated 17B-E2 and 17a-E2 were the

highest contributors in the sludge and effluent samples.

The £ Conjugated ESHs distribution in the solids phase of the influent, sludge and effluent was
lower (3 %, 1 % and 0 % respectively) than the contribution to the liquid phases. Overall, for
combined solids and liquid phases, the conjugated ESHs comprise 6 % of the total ESHs in the
influent and 1% of the sludge and effluent. Gadd et al. (2010), who considered only the liquid
phase, found up to 22% of the total ESHSs in dairy cow excreta were conjugated ESHs but
conjugated ESHs in DSE contributed only 8 % of the total ESHSs; these results parallel the
findings here for the liquid phases. Zhang et al. (2014) reported 14.6-48.8 % contribution of
conjugated ESHs to faeces and 10.6 % to urine of dairy cows; these results are in direct contrast
to the finding in the current study of 25 % in the dissolved phase and 3 % in the solid phase of
the influent to the CAP system. It is possible that the large volumes of water used to flush the
effluent into the CAP system may change the distribution of the more water-soluble conjugated
species. The same authors also found very large contributions of conjugated species in swine
faeces and urine indicating a potentially far greater risk associated with ignoring conjugated
ESHs in that species. However, stored (under anaerobic conditions) swine manure conjugated
ESHs represented <10 % of the total hormones (Combalbert et al., 2012).

3.3.5 Conjugated ESHs Implications

A statistical summary of the calculated EEQs of the conjugated ESHs measured in the
dissolved and solid phases of samples from the CAP are presented in Table 3-4 (full data set is

provided in the appendices, Table A-15).
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Table 3-4: Mean Estrogenic equivalents of conjugated ESHs measured in the dissolved and solid phases of 1 litre of
raw influent, sludge and effluent of the CAP ETS.

170-E2 17p-E2 El ZESHSs

Influent (n=6)

Dissolved 0.56 (0.23-0.90)  39.2 (N.D%-67.4) 0.14 (N.D-0.14) 39.9 (0.87-67.7)

Solids 1.22 (0.12-2.57)B  50.17 (N.D-62.6) 1.27 (N.D-1.27) 52.7 (N.D-65.2)

Total 1.57 (0.35-3.46)  89.4 (N.D-130) 1.41 (N.D-1.27) 92.6 (0.87-133)
Sludge (n=6)

Dissolved N.D 13.3 (6.27-17.6) N.D 13.3 (N.D-17.6)

Solids 6.30 (0.20-12.4) 486 (131-1284) 32.5(32.5-32.5) 525 (143-1284)

Total 6.30 (0.20-12.4) 499 (137-1302) 32.5(32.5-32.5) 538 (143-1302)
Effluent (n=6)

Dissolved 0.39 (N.D-0.49) 8.88 (N.D-9.00) 2.82 (N.D-2.82) 12.1 (N.D-9.37)

Solids 0.31 (N.D-0.35)  17.4 (N.D-17.9) 0.41 (N.D-0.41) 18.1 (N.D-18.3)

Total 0.70 (N.D-0.84) 26.3 (N.D-26.9) 3.23(N.D-3.23) 30.2 (N.D-27.6)

AEEQ in 1 litre of sample (mean (range min to max)). BEEQ in 1 litre volume of sample calculated using the corresponding
measured TS concentrations for influent, sludge and effluent samples. ¢ Not detected.

The calculated estrogenicity of conjugated ESHs samples from the CAP ETS demonstrates the
estrogenic potency of the samples is dominated as expected by the contribution of 173-E2, with
mean contributions of 96.5 %, 92.8 % and 87.1 % of total estrogenicity respectively for influent,
CAP sludge, and CAP effluent. These results are similar to the 173-E2 dominance contribution
to the estrogenic potency of the free ESHs (Chapter 2). Although the contribution to total
estrogenic activity of the conjugated species is small, the increased water solubility of these
species can increase the movement of the ESHSs in the environment and water ways when the
sludge and effluent are applied to pasture (Casey et al., 2020) and subsequent deconjugation
can increase the spread of activity over a wider area. The contribution of the overall estrogenic

equivalents of the free and conjugated ESHs is discussed further in Chapter 6.
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3.4

Conclusions

Optimal performance of a new commercial enzyme for deconjugation was achieved
using a BGS™ recombinant enzyme volume of 100 pL, incubating at 53°C for 45
minutes. Recoveries were similar to the H. Pomatia glucuronidase enzyme commonly
used to analyse conjugated ESHs in animal waste. However, it was necessary to reverse
the commonly used sequence of solvolysis followed by enzymatic hydrolysis because
of the influence of residual acidity from solvolysis upon the former enzyme.

The influent contains significant concentrations (251 ng/L) of conjugated estrogenic
steroid hormones and therefore conjugated species need to be considered in future
studies to get a more accurate estimate of estrogenic load.

It is important to determine the existence of conjugated ESHs as they can persist
through treatment systems and are more likely to reach surface water being a potential
source, after deconjugation, of active and potent ESHSs.

Conjugated steroid hormones were found in the solid phase of the influent, sludge, and
effluent samples.

The influent and sludge of the CAP contained the highest concentrations of conjugated
ESHSs, while the effluent conjugated ESH levels were the lowest, indicating that some
of the conjugated ESHs were deconjugated into free ESHs by anaerobic bacteria and/or
degraded or adsorbed onto solids during anaerobic digestion.

Analyses that include the conjugated fraction of ESHs provide a comprehensive
assessment of the concentration and distribution of the different forms of ESHs within
the CAP. Using this data, a model describing the fate of ESHs in the CAP can be
developed, and the operational conditions that optimise removal/degradation can be
identified (Basis of Chapter 6).

Limitation: Using the deconjugation method, it was not possible to know which type of
parent conjugated ESHs these ESHSs originated from. the method used is also a very
time-consuming and costly method. It is recommended that LC-MS-MS is used in
preference.
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Chapter 4:
Sorption of Estrogenic Steroid Hormones on
New Zealand Grown Pinus radiata Powdered

Biochar

The main objective of this study is to confirm the performance of powdered biochar to
remove 17a-estradiol (17a-E2), 17B-estradiol (17B-E2) and estrone (E1) in clean water
and to investigate the possible basis for removing/reducing estrogenic steroid hormones
(ESHS) in dairy shed effluent (DSE) thereby improving the overall performance of the

covered anaerobic pond (CAP) DSE treatment system.

4.1 Introduction

In recent years, there has been increasing environmental and health concerns over the
discharge of micropollutants into the environment. Among these pollutants, endocrine-
disrupting chemicals such as ESHs are of significant interest due to their high potency
(Gomes et al., 2004) and ability to percolate through soils into the groundwater (Arnon
et al., 2008; Steiner et al., 2010) and/or runoff into surface water (Labadie and Budzinski,
2005; Tremblay et al., 2018; Havens et al., 2020), ultimately reaching the drinking water
supply (Du et al., 2020; Sodré and Sampaio, 2020). There is a growing global recognition
that ESHSs, even in concentrations as low as parts per trillion, have an impact on human,
animal, and aquatic life in terms of reproductive health (Rempel, 2007; Li et al., 2019),
sex ratio imbalances (Barber et al., 2011), hormone-related cancers (Ociepa-Zawal et al.,
2010; Gonzalez et al., 2019) and metabolic disorders (Bhardwaj et al., 2019). Therefore
there are clear benefits for human and wildlife health from ensuring that ESHs are not

released into the environment.

Dairy cows are estimated to contribute around 79% of total estrogenic steroid hormones
released by farmed animals in the European Union and 90% in the United States (US)

(Lange et al., 2002; Kolodziej et al., 2004). New Zealand (NZ) has a strong dairy industry
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with 6.4 million dairy cows in 2018 (StatsNZ, 2019). On average, DSE (combined waste
of dairy cow urine, faeces, wash/recycled water and milk residue) contains approximately
44,000 ng/L of total (free and conjugated ESHSs in the urine and faecal matter (Chapters
2 and 3). Previous studies show that 173-E2, 17a-E2 and E1 are the most common free
ESHs released to the environment by dairy cows (Sarmah et al., 2006; Zhang et al., 2014).
These ESHSs can be adsorbed to sludge (Chapter 2) and soils (Sarmah et al., 2008), and/or
transformed and degraded by a combination of biotic and abiotic processes (Combalbert
and Hernandez-Raquet, 2010; Liu et al., 2015; Ben et al., 2017; Ma and Yates, 2017).
Nevertheless, a significant fraction of ESHs is still discharged on land and therefore into
waterways in NZ (Tremblay et al., 2018), and other countries (Matthiessen et al., 2006;
Arnon et al., 2008; Alvarez et al., 2013). This paper explores the use of biochar to

intercept ESHSs before they enter the waterways.

The organic carbon partition coefficient (log Kqc) for 17p-E2, 170-E2 and E1 varies from
2.70 to 3.80 (Lai et al., 2000; Sarmah et al., 2008) (Chapter 2) making physical removal
of ESHSs by adsorption to carbonaceous compounds a promising method (Snyder et al.,
2007; Liu et al., 2009; Delgado et al., 2012; Katsigiannis et al., 2015). The sorption
mechanisms of ESHs include hydrophobic partitioning to organic carbon (Grathwonhl,
1990; Lai et al., 2000) n—n electron donor-acceptor interactions and hydrogen bonding
(Ahmed et al., 2018; Peiris et al., 2020). Surface area, pore size distribution and the
concentration of oxygen-containing functional groups are the main factors that influence
adsorbent adsorption capacity (Li et al., 2002; Matsui et al., 2012) and adsorption tends
to occur in pores with similar dimensions to the target compound (Quinlivan et al., 2005;
Bonvin et al., 2016).

Granular activated carbon (GAC) and powdered activated carbon (PAC) are the most
commonly used and researched adsorbents for removing ESHs due to their high surface
area, pore structure, and acid/base characteristics (Grover et al., 2011; Esmaeeli et al.,
2017). Removal of organic compounds from wastewater usually involves filtering the
water through gravity or pressure GAC filters (typical particle diameter > 0.1 mm), while
PAC (typical particle diameter < 74.0 pm) is normally added to activated sludge or used
in solid contact processes (Metcalf and Eddy, 2014). There are a number of studies that

have compared the performance of PAC to GAC (Meinel et al., 2014; Esmaeeli et al.,
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2017). PAC took longer for breakthrough to occur than GAC and had a higher removal
rate when both were used as a filter media in a pilot-scale system to treat organic
micropollutants (Meinel et al., 2014). Similarly, the ability of GAC to remove estradiol
valerate, a medication, and progesterone in pharmaceutical wastewater was lower than
PAC due to PAC having more accessible surface active sites for adsorption (Esmaeeli et
al., 2017).

Biochar made by pyrolysis of, for example, agricultural waste such as corn stover or
forestry waste, is a low cost carbonaceous material that can be effectively substituted for
activated carbon to remove organic contaminants such as ESHs (Zheng et al., 2010;
Ahmad et al., 2014; Gwenzi et al., 2017; Oliveira et al., 2017) as well as providing carbon
sequestion when applied to land (Mohan et al., 2018; Marousek et al., 2019). The surface
properties of the biochar, the yield and the pore size distribution depend upon the raw
material and the pyrolysis conditions used including temperature, retention time, heat
transfer rate and air exposure (Ahmad et al., 2014; Metcalf and Eddy, 2014). Pyrolysis of
biomass normally includes fast or slow configurations (Kambo and Dutta, 2015). Slow
pyrolysis is performed at residence times of a few minutes to hours or days, and
temperatures range between 100°C to 1000°C with biochar yields of up to 35 % of the
raw material (Ahmad et al., 2014), while fast pyrolysis is performed at very short
residence times of less than two seconds, and temperatures between 300°C to 1000°C
with yields of up to 12 % (Ahmad et al., 2014; Inyang and Dickenson, 2015). The
production of biochar as an adsorbent typically employs slow pyrolysis because of the
high biochar yield and low operating costs compared with fast pyrolysis (Ahmed et al.,
2016).

Biochar produced from wood is versatile, can act as electron receiver and/or acceptor
(Enders et al., 2012; Ahmed et al., 2018; Peiris et al., 2020), and has a higher surface area
than biochar from crop residue (Sarmah et al., 2010; Zhao et al., 2013) and animal manure
(Sarfaraz et al., 2020) due to the cellular structure of wood which is retained when
pyrolysed. Furthermore, biomass from lignin rich wood such as pine provides a high fixed
carbon content (Enders et al., 2012), which is advantageous for adsorption as well as

providing a highly stable structure.
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Forestry is a significant industry in NZ with forest products being NZ’s third largest
export earner. Plantation production forests cover approximately 7 % (~1.66 million
hectares) of NZ’s land which mostly consists of Radiata pine (90 %) and Douglas fir (6 %)
(Ministry for Primary Industries, 2020). Typically, sawmill and crop wood residue are
either dumped, burnt onsite as a source of energy or left to rot on land. The latter option,
which has resulted in significant damage to coastlines and infrastructure during heavy
rain events, seems likely to be banned by legislation fairly soon. Although there are some
issues relating to cost of transport to the pyrolysis location, this wood residue could be
readily pyrolysed to produce biochar that could be potentially be used by the dairy
industry and/or individual farmers to reduce discharge of estrogenic compounds.

In this study, powdered biochar produced from Pinus radiata (with equivalent particle
diameter as a commercial PAC) was investigated as an adsorbent for removing ESHs
from water. The objectives of this study included:

« assessing the characteristics of P. radiata powdered biochar

o confirming the removal efficiency of 17a-E2, 178-E2 and E1 by powdered
biochar

o determining the percentage adsorption and kinetic and isotherm adsorption
parameters of 17a-E2, 173-E2 and E1 to powdered biochar

o establishing the framework for the subsequent experiment focusing on the
sorption of ESHs from dairy shed effluent by biochar

4.2 Materials and Methods

4.2.1 Origin and production of biochar

Radiata pine woodchip was obtained from a local sawmill and pyrolysed by Massey
University. Approximately 50 kg of woodchip (Moisture content = 10.2 %) was dried
(60°C for 48 hours), pyrolysed in a portable batch vertical drum (height = 1,000 mm,
radius = 750 mm) pyrolyser designed by Massey University (Bridges, 2013; Caco, 2017)
(Figure 4-1) at 700°C for 6 hours and cooled producing approximately 14 kg of biochar
(Cortez Pires de Campos, 2019).
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The biochar was powdered using an IKA mill grinder and sieved using a 30 um sieve
(Quinlivan et al., 2005; Matsui et al., 2012; Bonvin et al., 2016), to achieve a product
similar to a typical commercial PAC (15— 30 um) (Bonvin et al., 2016; Activated Carbon
Technologies, 2022). The powdered biochar (Figure 4-2) was stored in a sealed container

at room temperature before use.

Filling/Emptying

Figure 4-1: lllustration of Massey University 50 kg Figure 4-2: Powdered biochar used in this study.
Pyrolyser used to prepare the studied biochar.

4.2.2 Characterisation of Biochar

The powdered and sieved biochar was analysed for pH (ISO 10390:2005), size
distribution using a Malvern Mastersizer 3000 analyser, specific surface area and pore
size distribution using the Brunaur Emmertt Teller (BET) nitrogen adsorption isotherm
method (NOVA-2000E), chemical structure and surface functional groups by Raman
Spectroscopy (Ramanstation 400R, PerkinElmer) (McDonald-Wharry et al. (2013) and
surface topography by Scanning Electron Microscopy (SEM) coupled with Electron
Dispersive Spectroscopy (EDS). Elemental analysis (C, H, N, S, and O and ash contents)
and inorganic compounds by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

were analysed by a certified laboratory.
4.3 Chemicals and materials

All solvents (HPLC grade), glass microfiber filters (GE Healthcare GF/F, 25 and 47mm
diameter), Hyflo Supercell C22 filter aid (VWR Chemicals) and Hydromatrix (Dionex)
were supplied by ThermoFisher Scientific, NZ. Deionized water was supplied by a Milli-
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Q Millipore Integral 5 system. DL-Estrone-13,14,15,16,17,18-13C6 (**C6-E1) and DL-
Estradiol-13,14,15,16,17,18-13C6 (**C6-E2) with an isotopic (purity > 99 %), were
supplied by Cambridge Isotope Laboratories, 17p-estradiol-2,4,16,16-d4 (17p-E2-d4)
and Estrone-2,4,16,16-d4 (E1-d4) (purity > 98 %) were supplied by CDN Isotopes, and
17a-E2, 17B-E2 and E1 (purity > 99 %) were supplied by Sigma Aldrich NZ. Calcium
chloride dihydrate was obtained from Riedel-de Haen. Strata™-X 33um (200 mg) solid-
phase extraction (SPE) cartridges were obtained from Phenomenex NZ. Granular
anhydrous sodium sulphate was obtained from Merck NZ. N-Methyl-N (trimethylsilyl)
trifluoroacetamide (MSTFA) (UCT SMSTFA-0, Selectra-Sil) was supplied by PM
Separations Australia. Triethylamine (purity > 99 %), ammonium iodide (purity > 99 %)

and 2-mercaptoethanol (purity > 98 %) were obtained from Sigma Aldrich NZ.
4.4 ESH Adsorption

The distribution of ESHs between the solid phase (adsorbent) and aqueous phase is
dependent on factors such as ESH concentration, biochar properties and environmental
properties (Ahmad et al., 2014; Peiris et al., 2020). This study used ESH concentrations
within the range found on dairy farm shed effluent, a solution pH of 7 and temperature of
20°C which are typical for dairy farm effluent (Chapter 6) and the environment within
the NZ Waikato region. Biochar mass to solution volume ratio, and kinetic and isotherm
adsorption trials were completed to determine biochar mass and adsorption behaviour of
the ESHs to the powdered biochar (Figure 4-3). ESHs absorbed to the biochar were
determined by measuring the change in concentration of ESH in solution, multiplying by
the volume of solution, and dividing by the mass of biochar used (OECD 106 Guideline
and ASTM D4646) (Sarmah et al., 2010; Tagliavini et al., 2017).

Determination of Determination of Determination of

. . L . Isotherm and
biochar to solution » equilibrium time »[  adsorption kinetic modellin
0.01M CaCl2 ratio (Kinetics) isotherm J

Figure 4-3: Outline of the ESHs adsorption trials
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4.4.1 Determination of biochar to solution ratio

A stock of 0.01 M CaCl, pH 7 solution was prepared and split into three batches: the
blank, one batch spiked with 170-E2 and the other with E1 to make a final ESH
concentration of 50 pg/L. 50 mL aliquots from each solution were added to 60 mL ASE
glass bottles containing biochar added in the following quantities: 0, 0.5, 1, 2.5, 5, 10, 25,
50, 100, 250, 500 and 1000 mg (weighed using a Mettler Toledo XPE205 electronic
balance). Each test for each type of ESH and mass of biochar was carried out in duplicate,
a total of 44 tests, and two blanks. The sample bottles were sealed and positioned
horizontally onto a shaking tray (IKA KS501), covered to prevent photodegradation and
agitated at a temperature of 20°C and 150 RPM for 24 hours (Sarmah et al., 2010). The
solution pH and temperature were measured before, during and after each experiment.
The agitated biochar solution was filtered under vacuum using a GF/C filter (25 mm) and
the filtrate (aqueous phase) was collected in a solvent clean 60 mL Accelerated Solvent
Extraction (ASE) glass bottle, gravimetrically measured, preserved by adjusting the pH
to 2.5 with concentrated sulphuric acid and stored in the dark at 4°C before extraction of
the associated ESH (within 24 hours).

4.4.2 Determination of equilibrium time

The biochar mass determined in the biochar to solution ratio experiment was used to
determine the equilibrium time of 170-E2, 17B-E2 and E1 to the biochar. For each of 17a-
E2, 17B-E2 and E1, three blank CaCl> solution (0.01 M, 50 mL) and nine different time
intervals (0.5, 1, 2, 3,6, 9, 12, 16, 24 hours) were used. Each time interval of the individual
ESH contained triplicate samples at biochar mass of 1 mg and one corresponding control
(no biochar) (four in total) in CaCl. solution (0.01 M, 50 mL, pH = 7) spiked with an ESH
concentration of 2,500 ng/mL. Agitation, pH and temperature checks, filtration,
gravimetric and preservation methods were the same as the biochar to solution ratio

experiment.
4.4.3 Determination of adsorption isotherm

The biochar mass determined in the biochar to solution ratio experiment and used in the
equilibrium time experiment of 170-E2, 17B-E2 and E1 as well as the confirmed
equilibrium time (24 hours) of 170-E2, 17B-E2 and E1 confirmed in the equilibrium
experiments was used to determine the 17a-E2, 17B-E2 and E1 adsorption isotherm to
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the biochar. For each 17a-E2, 17B-E2 and E1, three blank CaCl> solutions (0.01 M, 50
mL) and seven different corresponding ESH concentrations (25, 50, 100, 250, 500, 750,
1000 pg/L) were used. Each individual ESH batch contained triplicate samples at biochar
mass of 1 mg and one corresponding control (no biochar) in a CaCl; solution (0.01 M, 50
mL, pH = 7) spiked ESH (50 pg/L). Agitation, pH and temperature checks, filtration,

gravimetric measurements and preservation methods were the same as Section 4.4.1.
4.4.4 lsotherm and kinetic modelling

The adsorption isotherm parameters were determined by fitting three commonly used
isotherm models to experimental data:

4.4.4.1 Langmuir model (Equation 4-1):

_ admKrCe _
Qe = Tkece (4-1)

Where qe is the amount of ESH per unit weight of powdered biochar (ng/mg), Ce is the
equilibrium concentration of ESH in the solution (ng/mL), gm is the maximum adsorption
capacity (ng/mg), and K is the constant related to the free energy of adsorption (mL/ng).

4.4.4.2 Freundlich model (Equation 4-2):

1

de = KpCg (4-2)

Where Kr and 1/n are Freundlich constants. Kr indicates the adsorption capacity and 1/n
is the heterogeneity factor.

4.4.4.3 Sips model (Equation 4-3)
1

_ KLClmCIe1
qe = 1 (4'3)
1+ K]_‘C:_;l

The kinetic coefficients were determined using pseudo-first-order (Equation 4-4) and

pseudo second-order kinetics (Equation 4-5) equations.

qe = qe(1— exp*h) (4- 4)
86



Chapter 4: Sorption of estrogenic steroid hormones on New Zealand grown Pinus radiata

powdered biochar

Where gt (ng/mg) is the ESH adsorbed at time t, ge (ng/mg) is the adsorption capacity at
equilibrium, ki1 (1/min) is the pseudo first order rate constant, and t is the contact time

(min).

k,qét

9= Tr gl (*+9)

Where k> is the pseudo-second order rate constant (mg/ng min).

Pseudo-first-order assumes that the ESH adsorbed at time t (q:) and the ESH equilibrium
concentration (Ce) is the driving force for the adsorption of the ESH into the powdered
biochar. In the pseudo—second-order kinetic model the assumption is that the rate-limiting
step is chemical sorption or chemisorption and the ESH adsorption rate is dependent on
adsorption capacity and not on concentration of the powdered biochar (Ahmed et al.,
2018; Peiris et al., 2020).

Isotherm parameters were found by adjusting each parameter to reduce the sum of square
errors (SSE) using Excel Solver™. The coefficient of determination (R?) was used to
determine the degree of fit of the isotherm and kinetic models results with the
experimental data. The model that provided the best fit was selected to determine the
sorption kinetics of 17a-E2, 173-E2 and E1 onto powdered biochar using the pseudo first
and second order kinetic models.

Removal efficiencies (in percentage) were calculated based on the concentrations of the

target compounds using Equation 4-6.

R% = [===¢| X 100 (4-6)

o

Where C, is the initial ESH concentration in the solution and Ce is the equilibrium ESH

concentration in the solution (ng/mL).
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4.5  Analytical method

4.5.1 Extraction of samples

The extraction of the samples was completed using a method based upon that previously
described in Chapters 2 and 3. The filtered (dissolved) and pH adjusted samples (~50 mL,
pH = 2.5) were spiked with a surrogate recovery standard of 3C6-E1 and *C6-E2 at an
equivalent concentration of 100 ng/mL and extracted by passing the samples through
preconditioned Strata-X cartridges (200 mg) using a Teflon connector and mounted in a
SPE vacuum extraction manifold. The SPE columns were rinsed with a solution of
methanol/water (5 mL x 3, 10:90 v/v), dried under vacuum and connected in series to a
premade (~5 cm) and acetone rinsed (30 mL) anhydrous granular sodium sulphate (dried
overnight at 450°C) cartridge to remove any residual water. ESHs were eluted from the
Strata-X and sodium sulphate cartridges with a mixture of dichloromethane
(DCM)/methanol (12 mL, 95:5 v/v) at a flow rate of approximately 1 mL/min. The
purified column eluent was collected in 15 mL centrifuge vials, evaporated to dryness
under a stream of oxygen-free nitrogen gas (30°C), redissolved in acetone (1 mL) and
stored at 4°C in a refrigerator prior to derivatisation and analysis.

4.5.2 Quality assurance

To eliminate the variability for the ESH spiked CaCl> solution concentration, a large
volume (1 or 2 L) was freshly prepared at the start of each of the adsorption experiment
in a Schott Bottle spiked with an individual ESH (in acetone) to a total final concentration
of 50 pg/L (0.005 % acetone) per ESH. The ESH spiked CaCl; solution bottle was
homogeneously mixed using a magnetic stirrer before aliquots (50 mL) were transferred
to the ASE bottles. A non-spiked bulk (1 L) CaCl, solution was similarly prepared and

used for the blank samples.

Quality assurance (QA) samples incorporated within each of the kinetic (n = 42) and

isotherm (n = 38) experiment samples included:

e three comparison samples (CaCl> solution ESH spiked with no biochar samples
that were promptly extracted without going through the adsorption method. These
samples were used to confirm if there were any ESH losses during the adsorption

method
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e three CaCl; solution blanks and,
e control samples (CaCl> solution ESH spiked with no biochar) added to each set of
the corresponding triplicate samples and used to determine if any of the ESH

adsorbed onto the bottle

For determining overall recovery of the adsorption and analytical methods and the
removal efficiency of the powdered biochar, a comparative standard was prepared by
dispensing corresponding aliquots of the surrogate standard (**C6-E1 and **C6-E2) and
target compound (170-E2, 17B3-E2, E1) spike (in acetone) into a 1mL reacti-vial. Further
information on the analytical method QA procedures and the preparation of calibration
standards are described in Chapters 2 and 3.

4.5.3 Analysis of ESHs

The samples, QA extracts, comparative recovery standards, and calibration standards
were dried to approximately 0.25 mL under nitrogen (30°C), internal standard solution
added (equivalent to 250 ng each of 173-E2-d4 and E1-d4) and evaporated to dryness
under nitrogen. ESHs were derivatised as their trimethylsilyl (TMS) ethers using an
activated MSTFA/TMS mixture (Budzinski et al., 2006) and diluted with iso-octane (0.25
- 1 mL) and analysed using Gas Chromatography-Mass Spectrometry (GC-MS) as
previously reported (Chapters 2 and 3).

4.6 Results and Discussion

4.6.1 Biochar characterisation

SEM images of the biochar (Figure 4-4) show it was highly friable, with particles ranging
from 5 up to 200 pm, it retained the cellular structure of the original pine and there were
no fibrous structures. This indicates that the wood was highly carbonised from pyrolysis,
losing the hemicellulose, cellulose, pectin and other proteins that enabled the wood to
maintain a flexible fibrous structure. Little surface deposition was observed indicating
that coking, tar and salt deposition was low, an indication of low ash content and high
sustained pyrolysis temperatures that prevented coking and encouraged cracking of the
high molecular weight volatile compounds (Chen et al., 2008; Kazemi Shariat Panahi et
al., 2020). This observation is supported by the measured low ash (Table 4-2) and
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effective combustion and high pyrolysis temperature (Table 4-4) (Cortez Pires de Campos,
2019).

15.0kV 15.0mm %180 SE(M)

[T ]
100um

15.0kV 15.0mm X300 SE(M)

Figure 4-4: SEM pictures of the powdered biochar at 300 pm and 100 pm

The particle size distribution (Figure 4-5) of the powdered biochar was approximately
gaussian with a mean particle size of 26.5 um. This was supported by the SEM images
which showed particles in a similar range indicating complete pyrolysis producing highly
friable biochar i.e. a total loss of any fibrous structures enabling it to be readily ground
and sieved resulting in a consistently sized biochar that could be safely used for lab-scale
biochar adsorption experiments (If the pyrolysis had been incomplete, more fibrous
structures would be present, and these would have been observed inside the IKA mill and

sieve).
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Figure 4-5: Particle size distribution of the Powdered Biochar

The surface area, pore volume and pore size were 82.5 m?/g, 16.2 cm®/g and 37.8 A

respectively (Table 4-1). The pore size of the biochar is similar to the polar surface area
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(~40 A) of 178-E2 and E1 (Ahmed et al., 2018) which suggests adsorption will be high
(Quinlivan et al., 2005; Bonvin et al., 2016; Tagliavini et al., 2017). The surface area of
the powdered biochar was comparable to a biochar produced from rice husk, which was
pyrolysed at 350 °C and 650 °C for 2 hours producing surface areas of 85 and 142 m?/g
respectively. However, the rice husk biochar had lower pore volumes of 0.057 and 0.187
cm®/g (Jiang et al., 2017) compared to the biochar in this study (16.2 cm®/g). The
powdered biochar had a higher surface area than a Eucalyptus globulus based
functionalised (activated) biochar pyrolyzed at 400°C for 2 hours which had a surface
area of 1.18 m?/g (Ahmed et al., 2018). In comparison, steam activated carbon produced
from mill and forest residues using a rotary calciner at 815 °C had surface areas between
575.9 to 1283 m?/g (Matsui et al., 2012) while commercial PAC and GAC have surface
areas of 1070 to 1354 m?/g respectively and pore volumes around 0.757 cm®/g (Bonvin
etal., 2016).

Table 4-1: Parameters of the powdered Massey biochar

Effective diameter Median diameter BET surface Pore volume Pore size
(D10) (um) (Dso) (um) area (m?/g) (cm¥/g) A)
8.26 26.5 82.5 16.2 37.8

Elemental analysis of the powdered biochar (Table 4-2) showed that carbon was the main
constituent (90.5%) and the biochar had O/C, H/C and (N+0)/C molar ratios of 0.39, 0.12.
and 0.40 respectively, which places it as a Class 1 biochar (suitable as feedstock and for
agricultural application) (European Biochar Foundation, 2012; International Biochar
Initiative, 2015). The biochar had a volatile content of 4.2% and ash content of 1.4% by
mass indicating that most of the volatile matter had been removed or fixed, which
supports the SEM observations of very little surface tar and ash deposition resulting in a
good biochar surface area (Enders et al., 2012). Furthermore, the high carbon content,
low H/C ratio, and low volatile content show that the biochar was highly carbonised and
the majority of the carbon was fixed (Enders et al., 2012; Crombie et al., 2013; Xiao et
al., 2016), which explains the friability of the resulting char. The O/C and polarity index
((N+0O)/C molar ratio values indicate a high pyrolytic temperature was used, resulting in
low hydrophilic properties (Chun et al., 2004; Cornelissen et al., 2005) and low numbers
of polar functional groups (Chen et al., 2008) suggesting that the surface chemistry of the

biochar will have a strong affinity to ESH which is hydrophobic and non-polar (Li et al.,
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2002; Wang et al., 2020). The carbon content is higher and ash content lower than that of
biochar made from soft wood (450 °C for 2.5 hours) and hard wood (750 °C for a few
minutes) which contained carbon (77 % and 74 %) and ash (17.30 % and 9.80 %) and
which were used to reduce steroid hormone originating from poultry and swine manure
applied to agricultural land (Alizadeh et al., 2018). Similarly, the carbon and ash contents
are comparable to commercially available GACs, which have a carbon and ash content
of 76.92 — 92.50 % and 1.84-3.37 % respectively and which are used to adsorb organic
micropollutants (Quinlivan et al., 2005), and higher than PAC which has a carbon content
of 59.3 % and which has been used to adsorb 178-E2 and other emerging contaminants
(Kim et al., 2016).

Table 4-2: Composition and pH of powdered biochar (sample mass = 25 g)

Results Unit
Moisture 3.7 %
Ash 14 %
Volatile matter 4.2 %
Gross calorific value 31.47 MJ/kg
Net calorific value 31.18 MJ/kg
Sulphur 0.01 %
Carbon 90.5 %
Hydrogen 0.93 %
Nitrogen 0.46 %
Oxygen 3.0 %
pH 8.9

The ICP-MS analysis results showed that the powdered biochar contained metals, with
concentrations as high as 2,480 mg/kg for potassium and 1,190 mg/kg for calcium (Table
4-3) potentially reducing the biochar capacity to adsorb the ESHs (Matsui et al., 2012).
Furthermore, chromium and nickel concentrations were higher than expected at 252 and
136 mg/kg respectively, possibly due to these metals being leached from the pyrolysis
vessel stainless steel drum into the biochar during the pyrolysis process. Overall, the
concentrations of all the metals in the powdered biochar were lower than the International
Biochar Initiative (IBI) maximum allowable test category B parameters thresholds
(International Biochar Initiative, 2015) meeting the soil toxicity requirements for soil

amendments, composts, and fertilisers.
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Table 4-3: Inorganic analysis of the Powdered Massey Biochar

Metal Concentration in Metal Concentration in Metal Concentration in
biochar? biochar” biochar”
Aluminium 219 Copper 5.4 Selenium <0.5
Antimony <1 Iron - Silver <0.5
Arsenic 0.85 Lanthanum - Sodium 145
Barium 3.2 Lead 0.2 Sulphur 87
Bismuth <0.2 Lithium <1 Strontium 5
Beryllium <0.2 Magnesium 344 Thallium <0.5
Boron 5 Manganese 63.6 Tin <1
Cadmium <0.1 Molybdenum 12.6 Uranium <1
Caesium - Nickel 136 Vanadium 15
Calcium 1190 Phosphorus 156 Zinc 4
Chromium 252 Potassium 2480
Cobalt 1.6 Rubidium -

Avalues are expressed as (mg/kg).

Raman analysis of the Massey biochar suggested the effective Heat Treatment
Temperature (HTT) achieved was between 725 — 815 C° (Table 4-4). This high HTT is
indicated by two prominent peaks in the Raman spectra at 1350 cm™ (D band) and 1595
cm? (G band) and a minor peak at 1407 cm™ (A band), which are absent or greatly
diminished at low HTT (McDonald-Wharry et al., 2013). The high HTT and band
position suggests that the nanostructure development of the biochar reached completion,
i.e. the carbon/oxygen structures had been mostly carbonised (McDonald-Wharry et al.,
2013). The Massey University 50 kg Pyrolyser operating conditions were set to pyrolyse
the woodchips at 700°C, therefore, the Raman analysis results shows that this operating

temperature was achieved and possibly exceeded.

Table 4-4: Raman analysis results

Description Values
D band position (cm™). 1314
G band position (cm). 1595
A band position (cm™). 1407
I(D)I(G) 1.070
I(V)1(G) 0.422
1(A)1(G) 0.605
(IA)-1I(V)YII(G)-1(V)) 0.317
(I(D)-1(V)H(I(G)-1(V)) 1.121
Photoluminescence slope/l(G) 0.546
Estimated Hydrogen Content 0.210
Effective HTT (Estimated using G band position) 724.6
Effective HTT (Estimated using I(V)/1(G)) 814.9

Data evaluated based on a method developed by McDonald-Wharry et al (2013).
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4.6.2 Quality assurance outcomes

The recovery of the targeted ESHs and surrogate standards *3C6-E1 and *3C6-E2 from
the samples were high (median = 95.2 %) (Table 4-5) suggesting that the adsorption and
analytical methods used are robust and consistent.

Table 4-5: Recovery of target QA ESHs (170-E2, 17B-E2 and E1) and surrogate standards (**C6-E1 and ‘3C6-
E2) obtained from the biochar to solution ratio and adsorption Kinetic and isotherm experiments

Biochar to Adsorption
. Adsorption Kinetic . Mean
solution isotherm

17a-E2 (Comparison) ~ 102 (0.64, n=4)¢ 99.1 (1.71, n=3) N.A 101
170-E2 (Control) A 99.6 (2.55, n=4) 96.8 (4.56, n=9) 102 (2.37, n=7) 99.5
17B-E2 (Comparison) A N.AP 93.8 (2.32, n=3) N.A 93.8
17B-E2 (Control) A N.A 93.7 (1.88, n=9) 99.2 (2.62, n=7) 96.5
E1 (Comparison) A 93.9 (4.60, n=4) 102 (2.77, n=3) N.A 98.0
E1 (Control)A 91.0 (3.37, n=4) 97.6 (2.44, n=9) 87.9 (3.32, n=7) 92.2

13C6-E28
13C6-E1B

94.7 (3.32, n=44)
93.8 (4.96, n=44)

93.0 (8.10, n=117)
94.1 (10.6, n=117)

92.4 (3.64, n=55E)
92.9 (3.23, n=55€)

93.4
93.6

Aspiked at 25 pg/L concentration. B spiked at 100 ng/L C values are expressed as (mean (%) (SDev (%), n)). © Not
applicable. E Reduced number of surrogate standards was performed at the high concentration samples due to proven
high recovery rate of the method and economic reasons.

The similarity between the recovery of the targeted ESHs comparison and control samples
showing that ESHs losses to the sample bottles were negligible and no photodegradation

or transformation of ESHs occurred during the adsorption trials.
4.6.3 Biochar to solution ratio

Typically, the adsorbent to solution ratio should ensure 50% of the contaminant is
adsorbed, while ensuring that there is enough of the contaminant in the aqueous phase for
it to be measured accurately (OECD-Guideline 106). Only powdered biochar masses of
0.5 and 1 mg showed detectable concentrations in the solution (120 — 1,469 ng/mL)
(Table 4-6) and removals of 46.0 — 95.2 % were achieved for both 170-E2 and E1 after
24 hours. Therefore, a biochar mass of 1 mg was used for the subsequent adsorption

experiments.
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Table 4-6: Adsorption (t=24 hours, pH = 7+0.2 and temperature = 20°C= 2°C) of target ESHs (17a-E2 and E1)
spiked at ~50 pg/L (or ~2,500 ng/mL) into CaCl2 solution (50 mL) at different biochar masses

17a-E2 El

Biochar mass®  concentration in the Percentage concentration in the Percentage

aqueous phase® adsorbed® aqueous phase® adsorbed®
05 1,469 (118, n=2) 46.0 (4.35, n=2) 1,089 (92.8, n=2) 56.2 (3.74, n=2)
1 389 (75.3, n=2) 92.7 (2.77,n=2) 120 (41.2, n=2) 95.2 (3.67, n=2)
25 14.1 (3.37, n=2) 99.5 (0.13, n=2) N.DP N.D
5 2.86 (2.77, n=2) 99.9 (0.05, n=2) N.D N.D
10 - 1000 N.D N.D N.D N.D

A values are expressed as mg, B values are expressed as (mean (ng/mL) (SDev, n)), € values are expressed as
(mean (%) (SDev, n)), P not detected in the dissolved phase indicating complete adsorption of ESH into the
powdered biochar.

4.6.4 Adsorption Kinetics

The removal of 17a-E2, 173-E2 and E1 by the powdered biochar at different time
intervals (n = 9) are presented in Figure 4-6 (full data is provided in the appendices, Table
A-16, Table A-17 and Table A-18). 17a-E2, 173-E2 and E1 were rapidly adsorbed onto
the powdered biochar during the first 2 hours with 68 %, 70 % and 74 % respectively
being absorbed within this time. Equilibrium was reached within 6-12 hours with 79-97%
of the ESH being absorbed, and 93-94 % after 24 hours. This is in line with previous
work where a commercial polymer-based spherical activated carbon achieved 96-99 %
removal of E1 and E2 (Tagliavini et al., 2017). Concentrations of ESH on the biochar
reached between 103-133 ug ESH/mg biochar, while solution detection concentrations
dropped to as low as 120 ng/ml. Little difference in adsorption rates was observed
between 17a-E2, 17B3-E2; E1 adsorbed more rapidly and reached equilibrium after circa
6 hours, while 17a-E2, 17B-E2 took circa 12 hours to reach equilibrium.
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Figure 4-6: Percentage adsorbed of 17a-E2, 178-E2 and E1 by the powdered biochar (1 + 0.08 mg) at different time
intervals (pH =7 £0.2, Temperature = 20°C+ 2°C).

The rapid adsorption of E1 compared to 17a-E2 and 17B-E2 is comparable to the Ahmed
et al. (2018) study and is because E1, which has only one OH group for H-bonding, has
a lower aqueous solubility of 0.8 mg/L at 25 °C compared to 17a-E2, 17p-E2 which are
3.9 mg/L at 25 °C (Kennedy and Jin, 2006). The powdered biochar had better adsorption
of E1 compared to other studies (~ 60 %) using a functionalised biochar dosed at 225
mg/L and E1 initial concentration of 465.9 ug/L (Ahmed et al., 2018), and had similar
17B-E2 removal compared to a commercial PAC (~50%) dosed at 25 mg/L and contact
time of 1 hour (Kim et al., 2016).

4.6.5 Adsorption isotherm

The percentage removal and adsorption isotherm results for 17a-E2, 17p-E2 and E1 are
presented in Figure 4-7 and Figure 4-8 respectively (full data is provided in the
appendices, Table A-19, Table A-20 and Table A-21). At low starting concentrations (25
— 50 pg/L), the biochar showed similar removals of 17a-E2, 17B-E2 and E1 with 84 —
99 % of the ESHs being adsorbed. At higher ESH concentrations (> 400 pg/L), 17p-E2
had greater affinity to the biochar than 17a-E2 and E1, with 60 % of the 17B-E2 being
removed and the biochar concentrations reaching 1,200 ng 173-E2 /mg biochar, while
170-E2 and E1 reached 400 ng / mg biochar. This could be due to the upward pointing
orientation of the -OH group on the 17" carbon enabling greater access to binding sites

on the biochar compared to 17a-E2 and E1. This means that the biochar is much better at
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adsorbing 17B-E2 which has a much higher estrogenic potency than 170-E2 and E1
(Chapters 2 and 3).
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Figure 4-7: Percentage adsorbed of 17a-E2, 17B-E2 and E1 by the powdered biochar (1 + 0.09 mg) at different
concentrations (pH =7 £0.2, Temperature = 20°C+ 2°C).

1400

1200

1000 ®F1 ®170-E2 ®17B-E2
800

600 e

400 o o

Biochar concentration {pg/mg)

200 @

O

=]

200 400 600 800 1000

Solution equilibrium concentration (pg/L)

Figure 4-8: 17a-E2, 17B8-E2 and E1 concentration in powdered biochar concentration (ug/mg) at different ESH
solution equilibrium concentrations (pH = 7+0.2, Temperature = 20°C+ 2°C).
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4.6.6 Isotherm and kinetic modelling results

The most common isotherms used for modelling adsorption of ESHs onto biochar
(Sarmah et al., 2010; Ahmed et al., 2018; Peiris et al., 2020) and activated carbon (AC)
(Tagliavini et al., 2017) are the Freundlich and Langmuir isotherms. In this study, the
Sips isotherm was also applied in addition to the Freundlich and Langmuir models Figure
4-9 (Full data is provided in the appendices, Table A-22, Table A-23 and Table A-24).
All three isotherms fitted the 17a-E2, 17B-E2 and E1 adsorption data reasonably well
(R?>0.78) (Table 4-7) indicating that different adsorption mechanisms were potentially
occurring (Peiris et al., 2020). However, the Sips model (a combined form of Langmuir
and Freundlich models) obtained the best fit (R? = 0.93-0.99) and was therefore used to
model the adsorption of 17a-E2, 17B-E2 and E1 to the powdered biochar.
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Figure 4-9: Freundlich (F), Langmuir (L) and Sips (LF) isotherm study of 17a-E2, 178-E2 and E1 adsorption onto
powdered biochar (biochar mass =1 + 0.09 mg, pH =7 +2, Temperature = 20°C+ 2°C).

The suitability of the Sips model suggests that the surface of the powdered biochar is
homogeneous (Chen et al., 2015) and the ESH adsorption is monolayer at the lower ESH
concentration involving both chemical and physical sorption (Sun et al., 2011) while
multi-layer adsorption occurs at higher concentrations. In particular, the powdered
biochar was observed to have an extremely high adsorption capacity for 17p-E2, which

is likely only achievable if adsorption was multi-layered (Ahmed et al., 2018).

The Sips model n! values were less than one for all the ESHs (Table 4-7) indicating the
adsorption of ESH to the powdered biochar was favourable, as was also observed from
Figure 4-9, which suggests that ESHs should be readily adsorbed at the low
concentrations found in dairy shed effluent. The maximum ESH sorption capacities
obtained from the Sips model were 500 pg/mg for 17a-E2 and E1, and 1,000 pg/mg for
17B-E2 (Figure 4-9).

Not many studies have examined adsorption of 17a-E2, which is the most abundant ESH
in dairy shed effluent, and E1 (Ahmed et al., 2018) while most examined 173-E2 (Ahmed
et al., 2018). This is understandable since the most abundant ESH in municipal
wastewater is 17B-E2 and it is the most estrogenically potent of the three ESHs. Kim et
al (2016) and Liu et al (2019) found that the Freundlich model gave the best fit for ESH

adsorption, suggesting heterogeneous adsorption on the biochar surface (Kim et al., 2016;
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Liu et al., 2019). However, other studies have suggested that the Langmuir isotherm
model gave the best fit (Ahmed et al., 2018; Dong et al., 2018) suggesting homogenous
surface adsorption, while another, in agreement with this study, found that 17p-E2

adsorption is defined best by both Langmuir and Freundlich models (Tong et al., 2020).

Table 4-7: Isotherm model parameters

17a-E2
Freundlich model Langmuir model Sips model
K 440367 0.0010168 0.0000408
gm® N.A 442059 89403492
nt 0.22 N.A 0.25
R? 0.96 0.78 0.98
17p-E2
Freundlich model Langmuir model Sips model
K 86944 0.000048 0.000348
am N.A 2338913 35757262
nt 0.48 N.A 0.44
R? 0.98 0.94 0.99
El
Freundlich model Langmuir model Sips model
K 54928~ 0.0007998 0.0220058
dm N.A 552387 764120
nt 0.21 N.A 0.48
R? 0.84 0.81 0.93

Avalues are expressed as ng/mg, B values are expressed as mL/ng, © values are expressed as

ng/mg

Using the Sips equation for the adsorption isotherm and model parameters in Table 4-7,
the kinetic coefficients were determined by fitting the pseudo-first and second order
kinetic models to adsorption data. The pseudo second-order model best represented the
adsorption kinetics of 17a-E2, 173-E2 and E1 to the powdered biochar (Figure 4-10) (Full
data is provided in the appendices, Table A-25, Table A-26 and Table A-27) with an R?
of 0.95-0.98 (Table 4-8). This suggests that the adsorption process was governed by
chemisorption involving valence forces through sharing or exchange of electrons between
ESHs and the biochar (Liu et al., 2019; Peiris et al., 2020). Similarly, many biochar
adsorption studies found the pseudo second-order model gave the best fit to adsorption
data (Ahmed et al., 2018; Dong et al., 2018; Liu et al., 2019). Ahmed et al. (2018) found
that the 173-E2 and E1 adsorbed to the functionalised biochar mainly through external
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mass transfer diffusion processes and adsorbed to the char by forming H-bonds as well
as n-n electron-donor—acceptor interactions. Dong et al. (2018) observed that 17p-E2
became saturated on magnetic biochar nanoparticles over short contact times, likely due
to rapid and easy access of 17B-E2 into the nanoscale porous structure of the biochar.
Tagliavini et al. (2017) also found that at higher (>0.01 g/L) polymer-derived spherical
activated carbon concentration, the adsorption results fitted the pseudo-first order model.
This may be due to the activated carbon increased formation of polar linkages during

sorption compared with the powdered biochar.

Pseudo-second-order
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Figure 4-10:: Pseudo-second-order-rate kinetics model for 17a-E2, 173-E2 and E1 adsorption onto the powdered
biochar (1 mg +0.06), ESH initial nominal concentration = 2,500 ng/mL, contact time = 24 hours, temperature = 20
+2°C, pH=7.

Table 4-8: Kinetic model parameters

17a-E2
Pseudo-first order model Pseudo-second order model
k 0.33~ 19.98
R? 0.92 0.95
17p-E2
Pseudo-first order model Pseudo-second order model
k 0.18 7.05
R? 0.86 0.98
El
Pseudo-first order model Pseudo-second order model
k 0.23 104
R? 0.92 0.98

Avalues are expressed as min, Bvalues are expressed as mg/ng.hour!
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4.7

Conclusions

Dairy cows are the largest source of ESHs entering the New Zealand environment.
There are clear benefits for human and wildlife health from ensuring that ESHs
are not released into the environment. This study measured the performance of a
low cost carbonaceous material (biochar), made from an abundant by product of
the forestry and milling industry, to adsorb ESHs.

Powdered biochar originated from Pinus radiata woodchip was prepared through
an effective heat treatment range of 725 — 815°C, and retention time of 30 minutes,
resulting in a surface area of 82.5 m2/g, a pore volume of 16.2 cm3/g, a size of
37.8 A and carbon and ash contents of 90.5 % and 1.4 % respectively. At a
concentration of 0.5 mg/L, the powdered biochar demonstrates the capability to
efficiently remove 17a-E2, 17B-E2, and E1 from aqueous solutions containing
ESH concentration of approximately 50 pg/mL with removal efficiencies ranging
from 78.8% to 96.9%, and within a time frame of 6 hours. This time is kinetically
favourable and compatible with the retention time (~24 hours) of most dairy shed
effluent sumps for adequate removal of ESHs.

The percentage adsorbed of 17a-E2, 173-E2 and E1 at equilibrium (24 hours),
biochar mass of 1 mg and low ESHs concentration range (25 — 50 pg/L) were in
the order of 84 — 99 %. At higher ESHs concentration (> 250 pg/L), 17a-E2, 17p-
E2 and E1 percentage adsorbed was reduced gradually below 70 % and
proportional to the increased ESHs concentration. The lower ESHs concentration
range corresponds well to the previously measured ESHs concentration in the
dairy shed effluent, therefore barring competition from other contaminants, the
powdered biochar presents promising ESHs removal capabilities.

The Sips and Pseudo second order model provided the best fit to isotherm and
kinetic data (R*>0.93) indicating that the surface of the powdered biochar is
homogeneous and the adsorption was monolayer at low ESH concentrations
involving chemical and physical sorption while multi-layer adsorption occurred
at the higher ESH concentrations.

Further work is required to determine the ability of the powdered biochar to

remove ESHs from dairy shed effluent.
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In Chapter 4 it was concluded that powdered biochar is capable of removing estrogenic
steroid hormones 17a-estradiol (17a-E2), 17B-estradiol (17B-E2) and estrone (E1) at
typical concentrations found in dairy shed effluent (Chapters 2 and 3) relatively
efficiently (78.8 — 96.9%) and within a time (6 hours) compatible with the retention time
(~24 hours) of most dairy farm effluent sumps. The main objective of this study was to
confirm the performance of powdered biochar to remove 17a-E2, 173-E2 and E1 in real
dairy shed effluent samples.

5.1 Introduction

Popular dairy shed effluent (DSE) treatment systems in New Zealand (NZ) include
separation systems such as a weeping wall or screw press arrangement coupled with a
stirred pond/sump and/or storage pond and the traditional two pond arrangement (Chapter
6). There are only a small number of covered anaerobic pond (CAP) systems used in NZ
to treat DSE. However, the CAP system is likely to increase in popularity due to its
simplicity, sustainable performance, and ability to recover energy, reduce greenhouse
emission by capturing and utilising/burning the methane produced therein and producing
stable sludge and liquor rich in nutrients essential for crop irrigation/application (NIWA,
2008).

Anaerobic digestion systems such as the CAP system have achieved limited to no removal
of estrogenic steroid hormones (ESHs) (Chapters 2-4) (Zhang et al., 2014; Noguera-
Oviedo and Aga, 2016). To enable the use of the anaerobic digestion system both to treat
DSE and allow the removal of ESHSs, an additional treatment stage needs to be included.
Potential treatment stages that can be coupled with the CAP system to enhance the
removal of ESH from DSE could include advanced treatment processes such as advanced

chemical oxidation, enhanced aerobic biological processes, chlorination and ozonation
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and membrane separation (Ahmed et al., 2017). However, these treatment methods are
not practical for typical on-farm use and include high capital investment and operational
costs. More simplified and cost effective ESH removal processes from wastewater that
might suit the NZ dairy farm environment could include separation treatment methods
such as coagulation, flocculation and precipitation, and adsorption (Schenck et al., 2012;
Rovani et al., 2016; Tagliavini et al., 2017).

Adsorption is used in water and wastewater treatment to remove harmful contaminants
by capturing these contaminants in a solid phase (Lai et al., 2000; Metcalf and Eddy,
2014). Adsorption is one of most environmentally friendly and promising methods for
removing organic and inorganic micro pollutants (Torrellas et al., 2015; Tagliavini et al.,
2017) as it can remove contaminants at very low concentrations, is suitable for continuous
processes, can be integrated with other processes (Sophia A & Lima, 2018) and the
adsorbent can be regenerated and reused (Delgado et al., 2012).

Adsorption with carbonaceous materials has shown effective removal of ESHs (Ahmad
et al., 2014). Typical commercial adsorbent includes activated carbon (Li et al., 2002;
Metcalf and Eddy, 2014), however biochar is a cost-effective alternative to activated
carbon (Sun et al., 2011; Ahmad et al., 2014; Alizadeh et al., 2018). Biochar, a low-cost
carbonaceous sorbent material, can provide promising removal performance of ESHs in
water (Chapter 4) (Kim et al., 2016; Liu et al., 2019) and wastewater (Ahmed et al., 2018).
To enhance the removal of ESHs, biochar can potentially be incorporated into the CAP
system by mixing it into the CAP inlet arrangement (sump) (Chapter 2) and allowing

sufficient contact time (>6 hours) for adsorption to occur (Chapter 4).

Dosing DSE with biochar has many benefits for anaerobic digestion, such as reducing
ammonia inhibition (Mumme et al., 2014), increasing alkalinity (Shen et al., 2015), and
providing a substrate for methanogenic bacteria (Cooney et al., 2016; Shen et al., 2015;
Xu et al., 2015), as well as enhancing the phosphate, nitrogen and potassium adsorptive
capabilities of the digestate (Salman et al., 2017; Shen et al., 2015; Yao et al., 2011) and
reducing the hydraulic retention time required for digestion (Cooney et al., 2016;
Fagbohungbe et al., 2017). When the effluent and sludge is discharged onto land, the

biochar can improve soil properties such as water holding capacity, oxygen and carbon
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content, pollutant immobilisation, and microbial abundance, as well as providing carbon
sequestrating properties, increasing crop yields, and reducing greenhouse gas emissions
(Gul et al., 2015; Agegnehu et al., 2017; Ding et al., 2017).

Wastewater containing high solid content and organic matter can reduce removal
efficiencies for ESHs (Matsui et al., 2012). Ahmed et al. (2018) found that 173-estradiol
(17B-E2) and estrone (E1) adsorbed more efficiently into biochar in deionised water than
in membrane effluent and synthetic wastewater. The mechanisms by which adsorption
capacity is reduced include blocking of the adsorbent pores and build-up of non-target
adsorbates on the surface and/or competition for the active sites of the adsorbent
(Newcombe et al., 1997, 2002b; Hepplewhite et al., 2004; Kilduff et al., 1998; Matsui et
al., 2002). However, due to the low molecular size/weight of ESHs compared to the high
molecular weights of other organic matter in DSE, most organic matter in DSE is unlikely
to compete for the same adsorption sites on which the ESHs adsorb (Matsui et al., 2012;
Haddad et al., 2019). Furthermore, previous studies have been completed to better
understand the mechanism of competition and to mathematically model the competitive
adsorption process to find ways to improve the activated carbon adsorbent performance
in removing emerging contaminants through adsorption competition (Matsui et al., 2012;
Jiang et al., 2017; Haddad et al., 2019). The studies have shown that high molecular
weight organic matter favourably adsorbs on the exterior particle surface and does not
completely penetrate the adsorbent (Matsui et al., 2012). Thus, adsorbate uptake rate for
high molecular weight organic matter is largely through the increased external surface
area of the adsorbent (Matsui et al., 2012) and additional absorbent (Ahmed et al., 2018).
In contrast, absorbance of ESHs and other small persistent pollutant molecules will be

governed by the internal pore surface of the adsorbate.
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Chapter 4 showed that powdered biochar can effectively adsorb the ESHs 17a-E2 or 17§-
E2 or E1 in pure water containing CaCl> solution. The purpose of this study was to answer

the following research questions:

e can powdered biochar intercept the dairy ESHs from a real DSE sample by
adsorption of the ESHs before the DSE enters the CAP system?

e what is the removal efficiency of 17a-E2, 17B-E2 and E1 from dairy shed
effluent by powdered biochar?

e what are the magnitude and mechanisms of the competitive interactions between
the ESHs and other organic and inorganic compounds within the DSE?

e what is the reduction in overall estrogenic potency of DSE treated by powdered
biochar?

5.2 Materials and Methods

5.2.1 Sample collection and preparation

Grab samples of DSE (20 L) were collected (11" of May 2021) from a mechanically
mixed sump (50 m®) in a 200-hectare dairy farm supporting a herd of 550 dairy cows in
the Waikato Region of NZ. The sump contained combined milking shed and feeding pad
wash water and recycled green water. The DSE sample was collected immediately after
morning milking and washing of the dairy shed and feed pad. A full description of the

farm and sump, which were used in this study, is presented in Chapter 2.

The DSE within the sump was mixed by a mechanical stirrer for ten minutes before
collecting a sample with a stainless-steel bucket. The sample was mixed, temperature and
pH were analysed using a Eutech pH 150 meter and sub samples were transferred into
solvent cleaned 4 x 4-L glass bottles and transported on ice to the laboratory. At the
laboratory (~ 2 hours after the samples were collected), each 4 L glass bottle was mixed
and a sub sample (4 x 375 mL) was transferred into 2-L Schott bottles, 9 x 1.5-L
subsamples in total. The content of each 2-L Schott bottle was mixed and subsampled
(500 mL) into individual containers and sent to an external certified laboratory for

analysis of total solids (TS) and volatile solids (VS).
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One sample (DSE comparison) was preserved immediately after subsampling by
adjusting the pH to 2.5 with concentrated sulphuric acid and storing at 4 °C before further
extraction and analysis of ESHs (within 20 hours). The rest of the samples were prepared

for the adsorption trials.
5.2.2 Biochar

Powdered biochar made from Pinus radiata residues pyrolysed at ~700°C for 6 hours
with mean particle diameter of 26.5 pm, surface area of 82.5 m?/g and carbon content of
90.5% was used in this study to adsorb the DSE ESHSs. The biochar was previously used
successfully to remove ESHs from water (CaCl» solution) and its characteristics and

performance were described in Chapter 4.
5.2.3 Chemicals and materials

A full description of the chemicals and materials used in this research is provided in
Chapters 2, 3 and 4. However, for the purpose of this research, Waters Oasis HLB solid-
phase extraction (SPE) cartridges, Biotage Isolute Florosil and bulk aminopropyl (NH2) sorbent
were replaced with Strata™-X 33um (6 mL/500 mg) SPE, Florosil (15 mL/2 g) and NH, (6
mL/1 g) cartridges and were obtained from Phenomenex NZ. The enzyme, which was used
for deconjugation, was Helix pomatia (H. pomatia) B-glucuronidase Type HP-2 (>
100,000 U/mL B-glucuronidase and <7,500 U/mL sulfatase) and was supplied by Sigma
Aldrich NZ.

5.2.4 Batch adsorption trial

The batch adsorption trials were performed using a similar method to that described in
Chapter 4. Seven different powdered biochar masses (5, 10, 20, 30, 50, 100 and 200 mg)
were weighed (Mettler Toledo XPE205) into a clean 1-L Schott bottle, leaving one bottle
as a control (DSE with no biochar) and another as blank (no biochar or DSE), nine bottles
in total. The content of the remaining 2-L bottles (5.2.1) was mixed well and 0.5 L was
poured into each of the control and biochar containing bottles. After pH and temperature
were recorded, the bottles were positioned vertically onto a shaking tray (IKA KS501)
together with the blank and control samples. The samples were covered with a towel to
prevent photodegradation and agitated, to ensure that the biochar remined suspended, at

20°C and a speed of 150 rounds per minute for 24 hours (Chapter 4).
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After 24 hours, the agitated samples were preserved by adjusting the pH to 2.5 with
concentrated sulphuric acid and together with the DSE comparison sample, which had
been stored at 4°C, were transferred into 250 mL polyethylene centrifuge tubes and
centrifuged in a Sorvall RC 5C Plus centrifuge (10 °C, 30 min, 10,000 rpm) as described
in Chapter 2. The supernatant was decanted and filtered through a glass microfiber filter
(topped with a 5 mm layer of Hyflo Supercell C22 filter aid) and collected in a glass
Schott bottle (0.5 L).

5.2.5 Isotherm modelling

The three isotherm models used in Chapter 4, Langmuir, Freundlich and Sips models, as
well as, two additional models, Redlich-Peterson model (Redlich and Peterson, 1959) and
coupled Freundlich Model (Modified Freundlich) were used to model the adsorption of
ESHs in DSE.

The Redlich—Peterson isotherm (Equation 5-1) is an empirical isotherm incorporating
three parameters and combines elements from both the Langmuir and Freundlich

equations (Redlich and Peterson, 1959).

ACe (5_1)

Qe = 1+BCeP

Where ge is the amount of ESH per unit weight of powdered biochar (ng/mg), A and B
are the Redlich-Peterson isotherm constants (L/mg and L/ng respectively), Ce is the
equilibrium concentration of ESH in the solution (ng/L), and B is an exponent that lies

between 0 and 1.

Modified Freundlich is an isotherm incorporating five parameters (Equation 5-2) and its
mechanism involves two coupled Freundlich equations. The Modified Freundlich
assumes that the dissolved ESHs are partitioned between being associated with the
dissolved organic carbon in the DSE, some of which is adsorbed to the biochar or by

direct adsorption of the ESHSs to the powdered biochar.

Je = KESH/Biochar(O( Ce)nl + KDOC/Biochar((l - O() Ce)nz (5'2)
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Where ge is the amount of ESH per unit weight of powdered biochar (ng/mg), o represents
the fraction of ESHs that are available for adsorption, Ce is the equilibrium concentration
of ESH in the solution (ng/L), n1 and n; are exponents and KesHsgiochar aNd Kpoc/Biochar are
the partitioning coefficient of the available ESHSs to biochar and DOC associated ESHs to
biochar respectively.

As in Chapter 4, isotherm parameters were found by adjusting each parameter to reduce
the sum of square errors (SSE) using Excel Solver™). The coefficient of determination
(R?) was used to determine the degree of fit of the isotherm model results with the
experimental data.

5.2.6 Analytical method
5.2.6.1 Extraction and clean-up of samples

526.1.1 Dissolved phase — Free ESHs

The measures of quality assurance and extraction of ESHs from samples was performed
using methods similar to those described in Chapters 2 and 3. The filtered and pH adjusted
samples were spiked with a surrogate recovery standard of DL-Estrone-
13,14,15,16,17,18-13C6 (**C6-E1) and DL-Estradiol-13,14,15,16,17,18-13C6 (**C6-E2)
at an equivalent concentration of 100 ng/mL and extracted by passing the samples through
preconditioned Strata-X cartridges fitted with a Teflon connector and mounted in a SPE
vacuum extraction manifold. The SPE columns were dried under vacuum and rinsed with
solutions of methanol/water containing triethylamine (TEA) (12.5 mL, 60:40 v/v
methanol/milli-Q water with 0.006M TEA) (Labadie and Budzinski, 2005). The
cartridges were dried under vacuum and were connected in series to a Florosil cartridge
(2 g, 15 mL) and aminopropyl (0.5 g) (Burkhardt et al., 2005) cartridge topped with a ~3
cm layer of anhydrous granular sodium sulphate (dried overnight at 450 °C). The
connected cartridges were mounted in a SPE vacuum extraction manifold and the ESHs
simultaneously eluted and purified by passing through DCM/methanol (30 mL, 95:5 v/v).
The collected eluent was dried under nitrogen gas (30 °C), redissolved in acetone (1 mL),

and stored at 4 °C prior to derivatisation and analysis.
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5.2.6.1.2 Solid phase — Free ESHs

A full description of the extraction of separated solids by ASE (Dionex ASE200) using a
modified method of Burkhardt et al. (2005), and their purification by Florosil and
aminopropyl adsorption chromatography is provided in Chapter 2.

5.2.6.1.3 Dissolved and Solid phase — Conjugated ESHs

The conjugated ESHs in methanol/water containing TEA were spiked (at an equivalent
concentration of 100 ng/L) with surrogate standards **C6-E1 and *3C6-E2 and dried by
rotary evaporation (Buchi Rotavapor R-200), re-dissolved in MeOH / tetrahydrofuran (1
mL, 20:80 v/v) and trifluoroacetic acid (10 pL), vortexed and incubated at 45 °C for 30
min. Subsequently, the reaction mixture was neutralised with Na,CO3 (400 pL, 0.2 mol/L
in Milli-Q-Water) and evaporated to ~400 pL under a stream of oxygen-free nitrogen gas
(30 °C). Sodium acetate buffer (5 mL, pH=5) was added to the neutralised solution and
mixed by vortex and H. pomatia f-glucuronidase enzyme (30 pL) was added. The
buffered enzyme solution was mixed gently by vortex, incubated at 55 °C for 180 min
and adjusted to pH 2 using dilute sulphuric acid. Free ESHs were extracted from the pH
adjusted solutions by SPE using Strata-X SPE cartridges as previously described in
Section 5.2.6.1.1.

5.2.6.2 Analysis of ESHs

The samples, QA extracts, comparative recovery standards, and calibration standards
were dried to approximately 0.25 mL under nitrogen (30°C), internal standard solution
added (equivalent to 250 ng each of 17B3-E2-d4 and E1-d4) and evaporated to dryness
under nitrogen. ESHs were derivatised to their trimethylsilyl esters (TMSI) using an
activated  N-Methyl-N-(trimethylsilyl)-trifluoroacetamide ~ (MSTFA)/TMSI  mixture
(Budzinski et al., 2006), diluted with iso-octane and analysed using GC-MS as previously
reported in Chapters 2 and 3.
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5.3 Results

5.3.1 Physical and chemical analysis and quality assurance outcome

The physical and chemical properties of the DSE and the quality assurance results of the
adsorption trial are presented in Table 5-1 to Table 5-5. (Further information regarding

the DSE inorganic parameters is presented in appendices, Table A-28)

Table 5-1: Physical and organic chemical parameters of the split (prior to adding biochar) DSE adsorption
samples

pH TS (mg/L) VS (mg/L)
DSE Comparison 7.2 13703 9498
DSE Control 7.2 11949 8284
DSE 5 7.1 12139 8462
DSE10 7.1 12839 8992
DSE20 7.2 12735 8926
DSE 30 7.2 12753 8924
DSE 50 7.3 12121 8394
DSE 100 74 12535 8762
DSE 200 7.3 13257 9360

The standard deviations of the TS and VS of the DSE samples were very similar (4.5 %
and 4.7 % respectively) indicating that the sub-sampling procedure was appropriate, and
samples are representative. The mean recovery of the surrogate standards *3C6-E1 and
13C6-E2 from the free and conjugated ESH assays of the dissolved and solid phases of
the adsorption samples were 82.2 % and 85.4 %, 59.8 % and 63.7 %, 81.8 % and 82.4 %
and 87.9 % and 95.7 % respectively (Table 5-2 to Table 5-5).
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Table 5-2: Recovery (expressed as %) of surrogate standards (3C6-E1 and *C6-E2 spiked at 100 ng/L) obtained
from the powdered biochar DSE adsorption experiment samples from the dissolved free ESHs samples

18C6-E2 18C6-E1
DSE Comparison 98.9 89.9
DSE Control 714 84.7
DSE 5 74.6 93.0
DSE10 98.6 84.8
DSE 20 64.3 90.3
DSE 30 85.3 84.0
DSE 50 91.8 94.3
DSE 100 86.3 74.9
DSE 200 89.1 72.6

Table 5-3: Recovery (expressed as %) of surrogate standards (33C6-E1 and 3C6-E2 spiked at 100 ng/L) obtained
from the powdered biochar DSE adsorption experiment samples from the dissolved conjugated ESHs samples

13C6-E2 13C6-E1
DSE Comparison 82.9 71.8
DSE Control 65.5 103
DSE 5 102 89.3
DSE10 63.0 65.5
DSE 20 49.7 46.1
DSE 30 59.4 60.1
DSE 50 85.3 103
DSE 100 109 101
DSE 200 119 103

Table 5-4: Recovery (expressed as %) of surrogate standards (3C6-E1 and *C6-E2 spiked at 100 ng/g) obtained
from the powdered biochar DSE adsorption experiment samples from the solid phase free ESHs samples

18C6-E2 13C6-E1
DSE Comparison 55.9 51.7
DSE Control 383 28.2
DSE 5 86.0 103
DSE10 43.7 38.4
DSE 20 58.0 53.8
DSE 30 76.5 82,5
DSE 50 354 25.9
DSE 100 88.5 99.0
DSE 200 60.9 81.3
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Table 5-5: Recovery (expressed as %) of surrogate standards (*C6-E1 and 3C6-E2 spiked at 100 ng/g) obtained
from the powdered biochar DSE adsorption experiment samples from the solid phase conjugated ESHs samples

18C6-E2 18C6-E1
DSE Comparison 92.2 91.6
DSE Control 79.3 82.0
DSE 5 87.5 92.1
DSE10 89.7 97.4
DSE 20 85.8 96.0
DSE 30 N/AA N/A
DSE 50 92.0 109
DSE 100 87.9 100
DSE 200 88.5 89.7

ANot available — loss of sample

The free and conjugated ESHSs solids phase analysis in this study was completed to better
understand the different removal mechanisms of the ESHSs, equilibration of ESHs
between dissolved and solid phases and the biochar, and to distinguish between the
adsorption and biological degradation processes (Combalbert and Hernandez-Raquet,
2010; Liu et al., 2015). However, due to the low and inconsistent recovery of the ESHs
in the solid phase, presented in the appendices (Table A-29), the results of the free and
conjugated ESHs in the solid phase were excluded from this study. Therefore, in the
absence of the solid phase analysis, the DSE ESHs adsorbed to the powdered biochar
were determined indirectly using a similar method to that used in Chapter 4 by the
analysis of the ESHs in the dissolved phase only. The amounts of ESHs adsorbed on the
powdered biochar samples were calculated as the difference between the ESHs initially
present in the dissolved phase of the DSE sample and the amount remaining in the
dissolved phase at the end of the experiment (OECD 106 Guideline).

5.3.2 Adsorption trial experimental data

Removal of the individual ESH from the DSE is most likely to be directly connected to
the adsorption of the individual ESH to the powdered biochar but may be a consequence
of transformation between the different ESHs (Chapter 2) which can lead to a false
conclusion regarding the removal of specific ESHs. Although previous studies found that
transformation of DSE ESH occurs over a long residence time (20-30 days) in an
anaerobic environment (Sarmah et al., 2006; Noguera-Oviedo and Aga, 2016) (Chapter

2), no research of which we are aware describes transformation of ESH at a shorter
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residence time of 24 hours as utilised in this study. Therefore, it was assumed that no
transformation between the ESH occurred during the current adsorption trial.

The percentage removal and adsorption results for free 170-E2, 17B-E2 and E1 in the
dissolved phase are presented in Figure 5-1 and Figure 5-2 (Full data is provided in the
appendices, Table A-30 and Table A-31). At 170-E2, 17B-E2 and E1 initial dissolved
phase concentrations in DSE of 2,217, 329 and 147 ng/L respectively, and powdered
biochar concentration ranges of 100 — 400 mg/L, the powdered biochar showed similar
removal of 17a-E2 (78.0 - 90.2 %) to when 17a-E2 (94.7 — 98.4 %) was spiked into CaCl,
solution at concentration of 25 — 50 pg/L with a biochar concentration of 0.02 mg/L
(Chapter 4). However, in DSE, 17p-E2 and E1 removal (22.3 —48.2 % and 14.9 - 61.6 %
respectively) was much lower than the removal of 17B-E2 and E1 (98.9 and 97.5 %
respectively) spiked into CaCl» solution at higher concentrations (400 — 500 ug/L).

Overall, the removal from DSE of ZESHSs by powdered biochar ranged between 68.9 —
81.8 % with biochar concentrations of 100 mg/L to 400 mg/L. However, when the
concentration of the powdered biochar was increased above 100 mg/L to 200 mg/L and
400 mg/L there was no corresponding increase in ESH removal (Figure 5-1). This
demonstrates that about 20 % of the ESHs were not available to absorb onto the solids
(sludge and biochar) phase portion (Section 5.3.3). It is likely that the conjugated DSE
portion could contribute to the reduced removal performance of the powdered biochar
dosed in a real DSE sample due to the highly soluble nature of the conjugated ESHs and
their low affinity to the biochar (Chapter 3). However, since the measured initial DSE
total conjugated ESHs was low (30.6 ng/L) in comparison with the total free ESHs
concentration of 2,693 ng/L, the conjugated ESHs portion is not likely to have had an

impact on the adsorption performance of the DSE samples dosed with powdered biochar.
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Figure 5-1: Percentage adsorbed of 17a-E2, 17B-E2, and E1 and by the powdered biochar concentration (pH =7.2
+0.1, Temperature = 20°C+ 2°C).
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Figure 5-2: Concentration of non-absorbed 17a-E2, 178-E2 and E1 concentration in the presence of different
concentrations of biochar (pH = 7.2 +0.1, Temperature = 20°C+ 2°C).

5.3.3 Analysis of competitive adsorption by isotherm modelling

To distinguish between adsorption of ESHs and other organic material in the DSE on
powdered biochar, adsorption modelling was completed. Only Freundlich, Redlich-
Peterson and Modified Freundlich provided a good fit (R> = 0.53-0.68, 0.21-0.47 and
0.60-0.99 respectively) and therefore only these are discussed in this section.
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Figure 5-3 (full data is provided in the appendices, Table A-32, Table A-33 and Table
A-34) presents the experimental data and the Freundlich, Redlich-Peterson and Modified
Freundlich model data associated with the partitioning of DSE 17a-E2, 17p-E2 and E1 to
the powdered biochar at different powdered biochar ESH concentrations at equilibrium.
The Freundlich, Redlich-Peterson and Modified Freundlich constants obtained are
presented in Table 4-7.
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Figure 5-3: Experimental data vs Freundlich, Redlich-Peterson and Modified Freundlich model data associated
with the partitioning of DSE 17a-E2, 17B8-E2 and E1 to the powdered biochar at different powdered biochar ESH
concentrations during equilibrium (24 hr). (The two outliers for 178-E2 at ~162 ng/L are due to the higher than
expected removals of 17B-E2 at 10 and 40 mg/L biochar, so these were neglected when fitting the isotherm curves.

Table 5-3: Freundlich and Modified Freundlich isotherm model parameters for DSE 17a-E2, 17B-E2 and E1

Freundlich
170-E2 17p-E2 El
K 2.52E-05 1.12E-05 8.19E-05
n 3.61 2.20 3.40
R? 0.71 0.60 0.60
Number of data points 7 5 7
Redlich-Peterson
A 197 5.94 3.37
0 0 0
B 0.57 0.13 0.05
R? 0.47 0.34 0.21
Number of data points 7 5 7
Modified Freundlich
170-E2 17-E2 El
KEsHibiochar 1.215 0.621 1.386
Kbochiochar 0.0000 0.0016 0.0000
a 0.0106 0.0047 0.0149
ni 2.81 11.69 3.21
nz 1.00 1.03 1.00
R? 0.70 0.99 0.60
Number of data points 7 5 7
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Fitting the Modified Freundlich equation (equation 2) to the experimental data, the fit
achieved (R? = 0.60 — 0.99) was better than the other models used (Figure 5-3), suggesting
heterogeneous adsorption to the powdered biochar surfaces (Peiris et al., 2020; Tong et
al., 2020), and this model was therefore selected to represent the competitive adsorption
of ESHs in DSE to the powdered biochar. The Modified Freundlich pathway mechanisms
of ESHs DSE adsorption onto the powdered biochar is illustrated in Figure 5-4.

Dissolved Organic Carbon
(vle]o)]

Powdered
Biochar

Figure 5-4: The Modified Freundlich pathway adsorption mechanism of DSE ESHs to powdered biochar

The Modified Freundlich a parameter which represents the fraction of ESH available for
adsorption, was very low at 0.5 to 1.5%, suggesting a very strong interaction between the
dissolved organic content and the ESHs ((1-a) = 98.5 - 99.5 %, Equation 5-2). This
interaction between the ESHs and the DOC within the DSE is not surprising because of
the high concentration of DOC (1.7 g/L) in the DSE compared to the concentration of the
powdered biochar (0.01 — 0.4 g/L) and ESHSs strong affinity for organic matter (log Koc
ranged from 3.06 to 3.80, Chapter 2). The adsorption of 17a-E2, 173-E2 and E1 to the
biochar was favoured over the DOC because the fitted Kesh/giochar Values were high (1.215,
0.621 and 1.386 respectively). Moreover, the adsorption of ESH associated with the
organic matter into the biochar was negligible in the case of 170-E2 and E1 because the
fitted Kpociochar parameter was zero. However, some of the 17p-E2 associated with the
organic matter was adsorbed onto the biochar (Kpocmiochar = 0.0016). Furthermore, the
Modified Freundlich parameter n, for 17p-E2 was 1.03, suggesting a linear relationship
at the lower DOC ESH concentrations and adsorption (Figure 5-6). It would have been
useful to obtain some data points at the lower ESH equilibrium concentrations for 17p-
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E2, e.g., around 100 ng/L to validate this, but the experiments were constrained by using
real DSE samples containing typical DSE ESH concentrations. In contrast, the DSE ESHs
parameters available for the powdered biochar were non-linear with n; values of 2.81
(170-E2), 11.69 (17p-E2) and 3.21 (EL).

By plotting equilibrium ESH concentration in solution versus equilibrium ESH
concentration on the biochar, it was found each ESH has a lower affinity for biochar in
the presence of other contaminants compared to being in a clean CaCl, solution (Chapter
4). This shows that there are competitive interactions between the ESHs and the other
matrix organic and inorganic components within the DSE (Solak et al., 2014; Peiris et al.,
2020). At low ESH equilibrium concentration, little to no adsorption of the ESHSs to the
powdered biochar occurs (Figure 5-3). This is attributed to the affinity of the ESHSs for
the dissolved organic carbon portion (80%) within the DSE samples. However, at high
ESH concentration, the organic portion within the DSE sample did not affect the
adsorption to the powdered biochar as demonstrated in previous studies by Matsui et al.
(2012) and Haddad et al. (2019).

To determine the amount of ESH adsorbed per unit weight of powdered biochar (ge), the
selected Modified Freundlich parameters (Figure 5-3) and different equilibrium
concentrations for the ESHs (Ce) were used. After this, the starting ESH concentrations
were calculated using Equation 5-3 and different powdered biochar masses up to 3000

mg/L.

Cstart — QeMpowderetli/biochar+ceV (5_3)

The Modified Freundlich equation cannot be rearranged and solved for Ce once it was
substituted into Equation 5-3, therefore a cubic spline was fitted to equilibrium ESH vs
starting ESH plots and used to interpolate equilibrium ESH values given the starting ESH
concentrations and different biochar masses used. Starting ESH concentration needed to

be recalculated for each biochar mass and equilibrium ESH concentration.
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Figure 5-5 presents the results calculated by the Modified Freundlich model and Equation
5-3 of DSE 170-E2, 17p-E2, E1 and ZESHs removal at different powdered biochar

concentration (full data is provided in the appendices, Table A-35).
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Figure 5-5: Modelled DSE 17a-E2, 178-E2, E1 and 2ESHs removal at different powdered biochar concentration

Addition of powdered biochar mass to the DSE improves the removal of the ESHs from
the DSE onto the powdered biochar (Ahmed et al., 2018). Increasing the biochar
concentration in the model from 100 mg/L to 1000 mg/L is estimated to increase the
overall removal of the DSE ESHs from 80 % to 90 %. At a powdered biochar
concentration of 1000 mg/L, approximately 96 % DSE 17a-E2, 65 % DSE 17B-E2, 78 %
DSE E1 and 91 % of XESHs DSE are modelled to be removed by adsorption into the
powdered biochar. Increasing the powdered biochar concentration in the model to higher
than 1000 mg/L makes a negligible change in removal and therefore would not be a
practical choice (Figure 5-5). With an average dairy herd size in NZ of 444 cows (Dairy
NZ, 2021) and DSE per cow of 70 L/d (Heubeck. et al., 2014), the daily DSE volume is
approximately 31,000 L. To achieve overall removal of DSE ESHSs in solution of 80-90 %,
typically 3 — 30 kg powdered biochar per day would be required. This powdered biochar
quantity range is realistic, however, the selection of biochar concentration and the type of
biochar needed should be a factor of the DSE ESHs removal performance of the
downstream dairy shed ETS units, such as the CAP and the storage pond as these systems

can have additional ESHs removal capabilities (Chapter 6). Furthermore, at 91 % removal
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of the XESHSs concentration in the dissolved phase of the DSE some (~110 ng/L, 9 % of
YESHSs annual average concentration of 1230 ng/L (Chapter 2)) ESH would remain in the
dissolved phase of the DSE and would require further treatment (Chapter 1). Moreover,
the fate of the sludge and biochar adsorbed ESHs within the CAP system is unclear and
would need additional investigation. However, it is speculated that the ESHs adsorbed
into the solid phase containing sludge and powdered biochar would be retained and
limited additional adsorption of the ESHs in the CAP system might occur because of
absence of mixing and contact between the biochar and effluent (Chapter 2), but

conversion of 17B-E2 bound the biochar to E1 could be expected.

Figure 5-6 (detailed information is provided in the appendices, Table A-36, Table A-37
and Table A-38) presents the modelled available ESHs concentration in the solution and
the adsorbed ESHSs to the powdered biochar (1000 mg/L) at different typical DSE 17a-
E2, 17B8-E2 and E1 concentration range (Chapter 2) at equilibrium. At typical 17a-E2,
17B-E2 and E1 DSE annual average dissolved phase concentrations of 1000, 100 and 150
ng/L respectively (Chapter 2) approximately 90, 64 and 80% respectively would be
adsorbed into the powdered biochar dosed at concentration of 12000 mg/L, while the rest
would remain in solution. At low starting ESH concentrations, there is very little
adsorption onto the biochar, presumably due to competition from dissolved organic
carbon, however after an ESH concentration of 1000 ng/L is surpassed equilibrium ESH
concentration and ESH biochar concentration are proportional to starting ESH

concentration.
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Figure 5-6: Modelled available ESHs concentration in the solution and the adsorbed ESHs to the powdered
biochar (1000 mg/L) at different typical DSE 17a-E2, 17B-E2 and E1 concentration range at equilibrium.
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There is not a lot of previous research reporting adsorption of organic contaminants,
including ESHs, in raw municipal and/or agricultural wastewater using activated carbon
or biochar. This is because absorption is typically used as a tertiary step after biological
treatment, filtration, or sedimentation (Metcalf and Eddy, 2014; Ahmed et al., 2018) or
as a treatment method for water (Meinel et al., 2014; Esmaeeli et al., 2017). The rationale
behind this is to prevent rapid blockage of the adsorbent pores and build up on its surface
(Newcombe et al., 2002b; Hepplewhite et al., 2004; Matsui et al., 2002) due to the high
solid content within the influent and/or interaction between the organic matter with the
biochar and ESHs (Peiris et al., 2020) which would lead to a poor removal performance
and reduced cost effectiveness. The 17a-E2, 17B-E2, E1 and 3ESHs removals from the
dissolved phase DSE found in this study were lower than those previously reported for
E2 and E1 in synthetic wastewater and membrane bioreactor effluent (~100% for E1 and
E2), however, the latter studies used a biochar concentration of 400 and 555 mg/L
respectively at a solution pH of 3.0-3.25 (Ahmed et al., 2018), whereas this study used a
native pH of ~7 and good removals were obtained. While adjusting DSE pH to 3 might
improve ESH adsorption, practically it would be impractical to do so because of the large
volumes of acid required to drop the pH of the DSE. Furthermore, dropping the pH to 3
to improve adsorption would reduce the performance of the CAP, where the methanogens
favour a neutral pH, therefore one would need to provide a buffer tank for adsorption to
take place and two inline mixing steps for pH reduction and neutralising the acid after

adsorption.
5.3.4 Estrogenic potency

The estrogen equivalents (EEQs) and estrogenicity reduction of the resulting biochar
treated DSE was determined by multiplying the concentration of each ESH by the relative
potency factor obtained by the ER-CALUX bioassay (Chapter 2) (Kolkman et al., 2013).
The EEQs for each compound measured in a biochar dosed DSE sample were summed
to obtain the ZEEQ for each sample. This was then divided by the starting estrogenicity
of the DSE to determine a reduction in overall estrogenicity (Figure 5-7) (detailed

information is provided in appendices, Table A-39).
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Figure 5-7: Modelled reduction in overall estrogenicity by addition of powdered biochar to DSE

Although the addition of powdered biochar provides effective removal of DSE 170-E2
(95 %), 17a-E2 only has an estrogenicity of 0.01 of that of 17p-E2 (Kolkman et al., 2013),
therefore overall reduction in estrogenicity will be driven by the removal of 17B-E2
(Chapter 2). Addition of powdered biochar to a concentration of 1000 mg/L resulted in
a net reduction of ~91 % of the ESHSs, however only 67.2 % reduction in overall
estrogenicity (Figure 5-7). Nevertheless, increasing the biochar concentration higher than
1000 mg/L can reduce the overall estrogenicity further (Figure 5-7), however this would
require a substantial additional amount of biochar. The estrogenicity reduction achieved
by a powdered biochar concentration of 1000 mg/L is almost double the overall
estrogenicity reduction of the CAP system, where ~35 % of the total (conjugated and free)
ESHs were present in the dissolved phase of the CAP effluent compared to the total ESHs
in the dissolved phase of the CAP influent (Chapter 2). Therefore, the addition of the
recommended amount of biochar to the DSE prior to entering the CAP system can
potentially enhance the performance of the CAP without the need to add more powdered

biochar.
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5.4

Conclusions

Chapter 4 results showed that powdered biochar can provide promising removal
performance of ESHs in clean water. This chapter presents the capabilities of a
powdered biochar to intercept the dairy ESHs from a real dairy shed effluent
sample. To enhance the removal of ESHs, powdered biochar is proposed to be
dosed into the CAP inlet arrangement (sump) in which agitation and sufficient
contact time occurs.

Adsorption of organic contaminants and ESHs within raw municipal and/or
agricultural wastewater is not a common treatment method. Absorption is
typically used as a polishing step to ensure optimum adsorption and cost
effectiveness. However, in the dairy agricultural environment, dosing dairy shed
effluent with biochar can have many benefits, particularly before it enters the
anaerobic digestion system. These benefits can include, improved anaerobic
digestion’s treatment performance and when the effluent and sludge containing
biochar are applied to land, improved soil properties, increased crop yields and
reduced greenhouse gas emissions. All these benefits, in addition to ESHs
removal capabilities, make the use of biochar in the dairy farm ETS an attractive
option.

Based on the modelling, at a powdered biochar concentration of 100 mg/L and
1000 mg/L, approximately 87 % and 96 % 17a-E2, 34 % and 65 % 17p-E2, 78 %
and 60 % E1 and 80 % and 91 % of XESHs were respectively removed by
adsorption to the powdered biochar from the DSE. Increasing the powdered
biochar concentration higher than 1000 mg/L made a negligible change to the
adsorption performance.

The Modified Freundlich Isotherm with two coupled Freundlich equations
provided the best fit (R? = 0.60 — 0.99) to model the data for ESHs adsorption to
powdered biochar suggesting that the dissolved ESHSs are partitioned between
being associated with the DSE dissolved organic carbon and the subsequent
adsorption of the dissolved organic carbon to the biochar or by direct adsorption
to the powdered biochar.

The Modified Freundlich model results suggest a very strong interaction between

the dissolved organic content and the ESHSs due to the concentration of the former
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compared with that of the powdered biochar and also the ESHSs strong affinity for
organic matter (log Koc = 3.06 to 3.80). However, the adsorption of the ESHSs to
the powdered biochar was favoured over the dairy shed effluent dissolved organic
matter. At a lower concentration only 17B-E2 associated with the organic matter
tended to adsorb to the powdered biochar with a linear relationship, while 17a-E2
and E1 would be more likely to adsorb to the powdered biochar directly.

e With an average dairy herd size in NZ of 444 cows and dairy shed effluent
generation per cow of 70 L/d, typically 3 —30 kg powdered biochar per day would
be required to achieve overall removal of 80-90% of dairy shed effluent ESHs in
solution.

e The overall reduction in estrogenicity is driven by the removal of 17B-E2. A
modelled powdered biochar dose of 1000 mg/L achieved 67.2 % reduction in
overall estrogenicity. Increasing the biochar concentration higher than 1000 mg/L
can reduce the overall estrogenicity further, however would require a substantial
additional amount of biochar. However, as previously showed in Chapter 2, the
CAP itself has some abilities to reduce the effluent estrogenicity by sequestering
the ESHs in the dissolved phase to the sludge solids, therefore, the addition of the
recommended amount of biochar to the dairy shed effluent prior to entering the
CAP system can potentially enhance the performance of the CAP without the need
to add more powdered biochar (Chapter 6).

e Further ESHs analysis work and robust modelling is required to assess the
performance of the CAP dairy shed effluent treatment system dosed with
powdered biochar and coupled with a storage pond, to remove ESHs.

e It is not clear how the ESHs adsorbed into the powdered biochar would behave
upon entering the CAP system. Further research is required to assess the fate and
adsorption capabilities of the powdered biochar adsorbed ESHSs in an anaerobic
condition with hydraulic retention time of up to 50 days.
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Chapter 6:
Modelling the efficacy of a dairy farm based
covered anaerobic pond treatment system dosed
with powdered biochar to transform and remove

estrogenic steroid hormones

As discussed in the previous chapters, the growing practise of recycling pond sludges and
effluent from dairy shed effluent (DSE) treatment systems to land as a source of soil
nutrients can impact aquatic ecosystems through the release of estrogenic steroid
hormones (ESHs) to the environment due to their associated endocrine disrupting
impacts. The covered anaerobic pond (CAP) is one of the available treatment methods
for treating ESHs and a popular anaerobic digester configuration. Despite increasing
adoption of on-farm CAPs to treat DSE and recover methane for on-site energy co-
production, the fate of biologically active estrogenic steroid hormones (ESHs) within
CAPs has not been addressed. In the previous chapters (Chapters 2 and 3), further work
was identified as required to understand the load of ESHSs released to the environment by
modelling of the performance of the CAP system. Furthermore, Chapters 4 and 5 showed
that powdered biochar can provide promising removal performance of ESHSs in solution
and DSE. This work includes the development of a typical dairy farm-based CAP
treatment system model build to test the CAP efficacy to remove ESHs from DSE both

with and without the addition of powdered biochar.
6.1 Introduction

Dairy farm effluent treatment systems in New Zealand (NZ) includes many different
configurations such as a two-pond system, stirred pond and weeping wall (details
regarding the different dairy farm effluent systems used in NZ are provided in the
appendices, Section 7.2A.20). Farmers are able to select the effluent system according to

their financial requirements, the farm’s future intentions and operational and soil
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conditions, as long as they adhere to regional council restrictions (Dairy NZ, 2014). These
restrictions are specific to every regional authority and normally include maximum
effluent application depth and rate, and maximum nutrient loading, along with other
measures such as provision of sufficient effluent storage during wet conditions, properly
sealed pond/s and no irrigation near water courses (Waikato Regional Council, n.d.). An
average dairy farm in NZ contains 444 cows (Dairy NZ, 2021). A dairy cow typically
spends about 10-20% of the day in a milking shed (IPENZ, 2017) during which it
produces approximately 67 litres of dairy shed effluent (DSE) comprising faecal, urinary,
and milk waste and wash water (Heubeck. et al., 2014) which equates to an average
volume of effluent of 30 m® per day. The remaining 80-90 % of the time the faecal and
urinary waste of dairy cows in NZ is deposited directly onto pasture. Deposition in the
fields can cause many environmental issues such as the emission of greenhouse gases
from nitrous oxide (urine patches), nitrogen leaching, and phosphorus washout (Toth et
al., 2006; Luo et al., 2008; Liang et al., 2014; Eckard and Clark, 2019). These
environmental issues and the related increased ecological concerns are driving farmers
towards a more confined method of farming where the cow spends more time at the shed
and therefore more effluent would be captured and require treatment.

Anaerobic digestion systems are used increasingly as a sustainable option for dealing with
animal waste (Bidart et al., 2014). The selection of the type of the anaerobic digestion
system is driven by the farm effluent and manure handling system (U.S. Environmental
Protection Agency, 2004) (principles of anaerobic digestion and examples for possible
anaerobic digestion feeds in a dairy farm environment are provided in the appendices,
Sections 7.2A.21 and 7.2A.22 respectively). The most popular anaerobic digester
configurations for treating dairy biomass are the covered pond digester, complete mix
digester, plug flow and fixed film digester (U.S. Environmental Protection Agency, 2004).
The covered pond anaerobic digestion would normally be in the ground and have an
impermeable gas collection cover. This system would typically have a long hydraulic
retention time of 40 to 60 days, the solid feed content would be 0.5 — 3 % and the system
would include no supplementary heat source. There are a number of covered anaerobic
pond (CAP) systems operating in NZ that are designed to treat dairy shed and swine
effluent (NIWA, 2008). The CAP system is likely to increase in popularity due to its
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simplicity, sustainable performance, and ability to recover energy and reduce greenhouse
gas emission by capturing and utilising/burning the methane. The stable sludge and liquor
rich in nutrients thus produced can be utilised for crop nutrition (NIWA, 2008). Therefore,

the CAP system was selected to be included in this research.

The key objective of an anaerobic digestion system such as the CAP system is the
stabilisation of biosolids. This is accomplished through biological decomposition of the
organic matter to methane and carbon dioxide and reduction of inorganic matter (mainly
sulphate) in an oxygen free environment. Through the stabilisation process, recovery of
energy, and reduction of odour, pathogen concentrations and mass are also achieved
(Metcalf and Eddy, 2014). The fate of estrogenic steroid hormones (ESHs) during
anaerobic digestion has been explored in different studies (Gonzalez-Gil et al., 2016;
Marti & Batista, 2014; Muller et al., 2010; Noguera-Oviedo & Aga, 2016; Paterakis et
al., 2012; Samaras et al., 2014; Zhang et al., 2014a), but the results are not always
conclusive, and most of them focus on 17B-estradiol (17B-E2) (the dominant form of
estrogenic hormone in residential wastewater) and not on 17a-estradiol (170-E2) (the
dominant form of estrogenic hormone excreted by dairy cows) (Gadd et al., 2010b;
Noguera-Oviedo & Aga, 2016; Sarmah et al., 2006). Some studies suggest that the
anaerobic digestion operating temperature does not have a substantial influence on the
removal of steroid hormones. In some studies, low removal rates (<25 %) of estrogens
were observed (Gonzalez-Gil et al., 2016; Malmborg & Magnér, 2015; Noguera-Oviedo
& Aga, 2016; Zhang et al., 2014a; Zheng et al., 2012), however other studies suggest
higher removal rates (40 — 70 %) (Carballa et al., 2007; Muller et al., 2010); these
differences may be related to the difficulties related to analysis of ESH in the medium.
Several studies suggest a change of estrogenic form during the anaerobic digestion
process. During studies of sludge from wastewater plant anaerobic digestion, it was found
that 17B-E2 was transformed to estrone (E1) (Czajka & Londry, 2006; Ruchiraset &
Chinwetkitvanich, Furthermore, a study of dairy manure anaerobic digestion showed
increased E1 concentrations and a decrease of 17a-E2 and17B-E2 (Noguera-Oviedo &
Aga, 2016). It was found that the anaerobic digester sludge treatment system, in
comparison to the secondary treatment processes (a popular method used to treat

municipal waste) results in a lower removal of estrogens (Andersen et al., 2003;
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Ifelebuegu, 2011; Ruchiraset & Chinwetkitvanich, 2014) (More information regarding
the fate and behaviour of ESHSs in the environment and municipal wastewater treatment

systems are provided in the appendices, Sections 7.2A.23 and 7.2A.24 respectively).

In addition to the lack of conclusive understanding regarding the fate of ESHs during
anaerobic digestion, as far as we know, no research and/or modelling has been done to
fully assess the performance of dairy farm effluent treatment systems (ETS) in NZ in
general or the CAP coupled with a storage pond specifically (system that is currently in
use and is foreseen to be used more commonly in the future), to remove estrogenic steroid

hormones. The purpose of this study was to address this knowledge gap by,

a. assessing the load of ESHSs (expressed as conjugated and free 17a-E2, 17B-E2,
E1, and XESHs) entering a dairy farm-based CAP treatment system from a
combined dairy cow milking shed and feeding pad.

b. developing and testing a model looking at the efficacy of a dairy farm-based
CAP treatment system to transform, adsorb and remove ESHs.

c. providing an estimate of ESHs loads being released into the NZ environment
from the recycling and discharge of CAP treated effluent and sludge.

d. using the data and the model outputs, to discuss the fate and potency of the
different forms of estrogenic steroid hormone (Free and conjugated) in the
effluent and sludge solids from the CAP that are applied to farm pasture, and
the broader impact they may present within receiving environments.

e. Using the data and the model outputs, to assess and discuss the performance of
a CAP dairy shed effluent treatment system dosed with powdered biochar to

remove estrogenic steroid hormone.

6.2 Materials and Methods

6.2.1 The study farm and CAP effluent treatment system

The dairy farm and CAP system used to treat DSE, and from which samples of influent,
sludge and effluent samples were collected has been previously described in Chapter 2.
The 5,000 m? lined storage pond from whence the final effluent is drawn (by a pump) and
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spray irrigated onto farm pasture is presented in Figure 6-1. The suction arrangement
contains a float and pipe. The float moves with the water level as the water level changes
to ensure only the supernatant is drawn from the storage pond. The solid portion would
settle at the bottom of the pond. Removal of the solids from the storage pond at the study
farm occurs every year, usually in May, using an agitator and a suction tanker. The solids
removed from the storage pond are used for pasture application using the suction tanker

inbuilt irrigation system.

Figure 6-1: Photographs of the storage pond (at approximately 30% full) and discharge pipe.

6.2.2 Work outline

The outline of the performance assessment of dairy farm effluent CAP DSE treatment
system, coupled with a storage pond to remove ESHs from DSE, is summarised in Figure
6-2. The initial phase involved constructing a model using the study farm and CAP
parameters as outlined in Section 6.2.1. Subsequently, the study farm CAP model was
subjected to calibration using the annual average values obtained from the measurement
of chemical and ESHs parameters detailed in Chapters 2 and 3. The calibration process
allowed for the refinement of the model and the determination of associated calibrated
parameters. The calibrated model, along with the derived parameters, was then employed
to evaluate the performance of the study farm CAP treatment system throughout the
milking season period, applying previously measured ESHs and flow data. Finally, by
analysing the outcomes obtained from the performance model of the study farm CAP

system, the implications of reusing effluent and sludge for land application, in
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conjunction with a storage pond, were assessed, considering both the presence and

absence of biochar.

Model built using the study
farm and CAP DSE treatment
system parameters

Calibration of the study farm
CAP model using annual
average parameters calculated
using the previously measured

Seasonal ESHs removal
performance assessment (with
and without biochar) of the

Assessment of potential
environmental implication of
reused effluent and sludge
generated by CAP (with and

physical and organic chemical study farm CAP system without biochar) DSE
and ESHs data treatment system

Figure 6-2: Outline of the work

6.2.3 Model description and operation

The CAP model was developed by separating the pond into a liquid and sludge layer, and
then dividing those layers into six stages longitudinally modelled as individual mixed
tanks operating in series creating altogether a plug flow arrangement (Levenspiel, 1999)
(Figure 6-3). The number of stages and the model setup was selected to represent the
shape and operation of the CAP system where DSE is pumped into the pond through a
single pipe situated approximately 1.5 meter below the top water level at one end of the
pond once to twice a day from the sump. A larger number of model stages would be better
suited to characterise an ideal plug flow condition; however, these conditions would not
reflect the CAP operation due to the intermediate mixing likely to be caused by the
influent feed velocity through a narrow diameter pipe causing a jet effect in the pond. It
is anticipated that there will be some mixing occurring in the liquid layer during the
duration of the feeding process and dispersion of the effluent during times when the CAP
is not fed by the pump which will lead to a slow movement of the effluent towards the
outlet of the CAP system while the settleable solids within the effluent readily settle into
the sludge. The sludge layer is mostly water, and mobile, therefore it is expected that the
sludge would gradually migrate down the length of the pond as it is disturbed by the
movement of the incoming water, therefore, the level of the sludge is approximately flat
relative to the base of the pond (Fyfe et al., 2016). Periodically (once a year), to prevent
sludge build up, the sludge is pumped out of the pond to maintain an average sludge level
of approximately 0.7 m. As DSE is pumped into the CAP, the effluent within the pond is
drained off via an internal weir into a manhole and subsequently into the storage pond

and therefore the liquid level in the CAP is maintained.
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Figure 6-3: Model set up for the CAP system (n = number of stages; N = 6)

6.2.4 Model mass balance calculation

6.2.4.1 Calculation of the solids

In the liquid phase, the change in volatile solid and ash fractions are given by the mass
flow of each in and out of each stage, the mass of each that settled, and the mass of volatile
solids converted into gas (Equations 6-1 and 6-2; definitions for all equations can be

found after Equation 6-7)

Axysilne _ (xvsiln-1,t-1=%vsLIne—1)mL
At

- ksetVS Xysrln-1,t—1 — kgasVS Xystln-1,e-1  (6-1)
‘mstageL|n,t_1

Mxashilne _ (XashLln-1,6-1—XasnLlne-1)mL
At

— ket Ash XAshLIn—1t-1 (6-2)
mstageL|n’t_1

In the sludge phase, the change in volatile solid and ash fractions are similarly given by

the mass flow of each in and out of each stage, the mass of each that settled, and the mass
of volatile solids converted into gas (Equations 6-3 and 6-4)
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Axyssine _ Xyssln-1t—1MsIn—1,t-1=xvsslnt—1(Mslnt—1+Mspln—1) n

At mstages|nt_1

mstageL|
nt—1
ksetVS XysLin-1,t-1 - kgasVS Xyssin-1,t-1 (6-3)
mstages|n’t_1

Axashsine _ Xashsln—1,t-1Msln—1,t-1=Xashs|nt—1(Mslnt—1+mMspln,c—1) n
At

mstage5|n o1

mstageL|n -1

ksetAsh XashLln-1,t-1 (6'4)

mstages|n -1

The total change in mass in the sludge is calculated assuming a constant solids content in
the sludge (Equation 6-5).

A (AxVSS|n,t+AxAshS|n,t)mstageL|
Mstage =
9€sln e

nt—1 (6_5)

XSolidsS

Sludge mass flow is calculated based on the difference between sludge masses in each

stage (Equation 6-6).

mSln,t = <mstage5 - mstages nt)js (6-6)

n+1,t

Sludge mass discharge flow occurred every 365 days (or whenever desired) to reduce the
total sludge mass for the stage back to a set sludge mass (for example to a sludge height
of 0.7 m) (Equation 6-7).

mSDln,t = mstages nt - mStageSset (6-7)

where: Mstage nt > Mgtage .

where x is mass fraction, i is mass flow (kg/day), m.g. is the mass in each stage (kg),
kse: is the rate of settling (1/day), ks is the rate of conversion of volatile solids to biogas

(1/day), L is liquid, S is sludge, VS is volatile solids, Ash is the ash, and VSL and VSS is
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the volatile solids in the liquid and sludge layers respectively, AshL and AshS is the ash
in the liquid and sludge layers respectively, n is stage, t is time (days), and Js is rate of

sludge migration between stages (1/day).

The CAP was modelled as a finite difference model in Microsoft Excel using the

following boundary conditions:

Atn=1, t=1:T
xVSLlTL—l.t = xVSinfluent
xAshLln—l,t = xAshinﬂugnt
Xyssln-1,eMslen-1 =0

XAshs |n—1,tms | tn-1=70

Atn=N,t=1:T
xVSSIn,tmsln,t =0

XAshs In,th In,t =0

Att=0andn=1:N
Xysplne =0
Xpshlne =0
Xysslne =0
Xashslnt = 0

=0

n,t

mstage S

_ VcaprpL
nt N

mstageL

with At = 1 day and total number of stages N = 6, V4p is the volume of the covered

anaerobic pond (m®), and p,, is the density of the liquid (~1000 kg/mq).

135



Chapter 6: Modelling the efficacy of a dairy farm based covered anaerobic pond treatment
system dosed with powdered biochar to transform and remove estrogenic steroid

hormones

6.2.4.2 Calculation of the ESHs mass balance (with and without biochar)

For modelling the ESH mass balances, it was assumed that the ESHSs are partitioned to
the organic and inorganic carbon and any ESH adsorbed to the settleable solids will settle
out with the solids into the CAP sludge phase. Based on the chemical structure (aromatic
ring) of the ESHs and its stability and complexity compared to the more chemically
reactive DSE organic matter for example carbohydrates and proteins, it was assumed that
the ESHs would degrade independently of the volatile solids in the CAP (Chapters 2 and
5), therefore the concentration of the ESHs were not linked to the concentration of the
volatile or total solids, and the mass balance around ESHs could be calculated

independently (Equation 6-8).

AE |p,i,n,t

A ETranslp,i,n,t + EAdslp,i,n,t + EConlp,in,t + ESetlp,i,n,t (6'8)

Where E is ESH mass, p is the phase (dissolved liquid (p=1), solids in the liquid (p=2),
sludge liquid (p=3) and sludge solid (p=4)), i is the type of ESH, Trans is the transport in
the liquid or sludge, Ads is adsorption of the dissolved ESHs in the liquid phase into the
solid phase, Con is the conversion of the ESHs from one type to another, and Set is the
settling of ESHs attached to the settleable solids. For the purposes of modelling, it was
assumed that all ESHs adsorption to the sludge and/or biochar that might occur would
happen outside the CAP in the sump and within 24 hours (Chapters 4 and 5) and no
desorption of the ESH would occur within the CAP. Therefore, ESHs adsorption and
desorption inside the CAP is neglected. This enabled equations previously reported in
Chapter 5 describing the adsorption of ESHs by powdered biochar, powdered biochar
adsorption capabilities and estimated powdered biochar dosed CAP influent ESH

concentrations to be used.

For ESHs in the dissolved and settleable solid phase (p=1,2) in the liquid E'7q,s IS given
by Equation 6-9.

m
ETranslp,i,n,t = (Elp,i,n—l,t—l - Elp,i,n,t—l) msml;]e (6-9)
L
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For ESHs in the liquid and solid phase in the sludge, p=3,4, E7,-qns 1S given by Equation
6-10.

Mslpn—1,t-1 Mslpnt—1
ETrans |p,i,n,t = <E|p,i,n—1,t—1 == Elp,i,n,t—l L) (6'10)

mstages|n_1t_1 mstages|nt_1

Removal of ESHs attached to the settleable solids by settling from liquid phase (p=2) into
the sludge phase (p=4) is given by Equation 6-11.

ESetlp:Z,i,n,t = _ksetV_gElp:Z,i,n,t—l (6-11)

Addition of ESHs to the sludge phase (p=4) by settling from the liquid phase (p=2) is
given by Equation 6-12.

mstageL|n 1

ESet|p=4,i,n,t = ksetV5E|p=2,i,n,t—1 (6-12)

mstages|n o1

For modelling changes in ESHSs due to bacterial/enzymatic action, it was assumed the free
and conjugated forms of 17a-E2 and 17p-E2 and the conjugated form of E1 are ultimately
converted to the free form of E1 (Chapter 2), while the conjugated form of 17a-E2 will
also be converted to the free form of 170-E2 and the conjugated form of 178-E2 will be
converted to the free form of 17p-E2 (Chapter 3). This is assumed to happen in both the
sludge phase and liquid phase (p=1-4) (Table 6-1). For simplicity, it was also assumed
that each conversion would be first order, although if needed a pseudo second order

equation could be used.
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Table 6-1: Conversion parameters used for changes in ESHs due to bacterial/enzymatic action.

Free ESH
ESH Species E1 (f, i=1) 17¢-E2 (f,i=2)  17p-E2 (f, i=3)

E1(f, i=1) 0 0 0

Free ESH 17a-E2 (f, i=2) kear1 0 0

17B-E2 (f, i=3) Kat1 0 0

. El(c,i=4) Keatt 0 0
Conjugated .

17a-E2 (c, i=5) Kest1 Kest2 0
ESH .

17B-E2 (c, i=6) Kesf1 0 Kt

The free and conjugated ESH species conversion is given by Equations 6-13 to 6-18.

AE|p,i=1,n,t
At
AE|p,i=2,n,t
At
AE'p,i=3,n,t
At

AE|p,i=4,n,t
At

AE|p,i=5,n,t
At

AE|p,i=6,n,t
At

—kaElpiz1ni-1+ Xiz1-3Krif1 Elpine-1 + Xiza—6 Kcir1 Elpine-1 (6-13)

—(kq + krap1)Elpicane—1 + kesp2E lpizsne—1

_(kd + kf3f1)E|p,i=3,n,t—1 + keof2Elpizem,—1

= _(kd + kc4f1)E|p,i=4,n,t—1
= _(kd + kc5f1 + chfZ)Elp,

= _(kd + kc6f1 + kc6f3)E|p,

i=5nt—-1

i=6nt—1

(6-14)
(6-15)
(6-16)
(6-17)

(6-18)

Where kg is the ESHs degradation rate coefficient and ks and k. are the ESHs free and

conjugated conversion coefficients respectively.
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The ESHs in the CAP was modelled as a finite difference model in Microsoft Excel(™)
using the following boundary conditions:

Atn=1,t=1:T

mp
ETranslp:l,z,i,n,t = (Esumplp it Elp,i,n,t—1)
WL Mgt
stage; nt-1
_ mslp,n,t—l
ETrans|p=3,4,i,n,t - _Elp,i,n,t—l
Mstage
9eslnt-1
Atn=N,t=1:T
_ mslp,n—l,t—l
ETranslp,i,n,t - Elp,i,n—l,t—l
Mgy
SA98s 1,61
Att=0andn=1:N
Elp,i,n,t =0

ETranst,i,n,t =0
EConIp,in,t =0
ESetlp,i,n,t =0

Epas |p,i,n,t =0

6.2.5 Model calibration

Generally, it is important to calibrate the model output using actual data to minimise
uncertainties and errors when the model is used for simulation. Calibration allows an
estimation of the model’s reliability and provides a level of confidence in the model
outputs. To calibrate the CAP model, real measured estrogen and solids concentrations
of influent effluent and sludge were used and the CAP model parameters were found by
adjusting each of the variable parameters (Table 6-2) to reduce the sum of square errors
(SSE) using Excel Solver™). The coefficient of determination (R?) was used to
determine the degree of fit of the CAP model outputs (CAP sludge and effluent VS, ash

and ESHSs) data with the corresponding measured dataset.
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The CAP model was enhanced by incorporating the mass effluent to mass sludge ratio
value, which serves to account for the presence of sludge at the outlet of the CAP system
and the occurrence of short-circuiting when the sludge layer becomes elevated and is not
promptly removed from the system. This phenomenon of sludge carryover is supported
by the observed increase in concentration and proportion of E1 (the predominant ESH
found in the sludge) and 17a-E2 (the predominant ESH in the influent) in the CAP

effluents, as discussed in Chapter 2.

Table 6-2: CAP model variables

Description Parameter
Rate of volatile solid settling Kset vs
Rate of ash settling Kot asn
Rate of conversion of volatile solids to biogas kgas
Rate of sludge migration between stages Js
ESHs degradation coefficient Kq
Mass effluent to sludge mixing ratio Komix

In order to ensure the completion of the calibration process, a thorough evaluation of the
model, and representative characterisation of the operational capabilities of a typical dairy
shed farm-based CAP system, it was crucial to select an appropriate dataset. Previous
findings (Chapter 2) have indicated that the removal performance of ESHSs in the CAP
system is not consistent throughout the milking season. This variability in CAP
performance can be attributed to several factors, including seasonal fluctuations in ESHs
concentration (Chapters 2 and 3) and the DSE flow rate, as well as the influence of
temperature and rainfall, the extended retention time within the CAP system, and the
operational conditions of the CAP treatment system (Fyfe et al., 2016). Therefore, for
effective calibration of the CAP model, it was imperative to identify a combination of
measured data encompassing CAP influent, sludge, and effluent ESHs concentration, as
well as corresponding flow measurements that are representative of a typical operational
CAP system, taking into account these variations. This approach ensured that the
calibrated CAP model can be employed in simulations with greater representativeness.
Due to the CAP long retention time, the monthly ESHs measured in the effluent and
sludge samples did not correspond with the influent sample, hance, the selected dataset

used for the calibration of the CAP model was comprised of the annual average values of
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CAP influent, effluent, and sludge ESHs concentration, as well as chemical parameters
previously reported in Chapters 2 and 3, together with the corresponding annual average

CAP influent flow monitoring data.

6.2.5.1 CAP dimensions and operating conditions used during the calibration process

The CAP data and operating conditions used in the CAP calibration process are based on

the studied farm CAP properties and data and are presented in Table 6-3.

Table 6-3: Dimensions of the CAP system and operating conditions used in the calibration stage

Description Value Units
Inlet pipe diameter 150 mm
CAP upper width 20 m
CAP upper length 35 m
Water depth 3.75 m
Bands inclination 45 °
Number of cows 550 cows
Total CAP volume 1500 m?
Sludge volume” 215 m?3
Desludging frequency 365 days
CAP Influent® 34311 L/d

Acalculated based on an average sludge level of 0.7 m. B Average annual daily volume which entered the studied CAP
system during 2018. The data was extracted from the farm HALO SYSTEM and consists of 17733 L/d of bore water,
3940 L/d of recycled water from the storage pond and 12638 L/d of rainfall.

Typically, when designing a CAP system, the CAP dimensions are determined according
to feed loading rate (COD or VS), the hydraulic retention time (HRT) and the desludging
frequency requirements which are all proportional to the operational temperature (Park
and Craggs, 2007; Water New Zealand, 2017). Depending on the CAP operational
temperature and feedstock composition, the CAP organic loading rates would range from
0.02 to 0.46 kg VS/m®/day and HRT range from 25 to 60 days for most dairy farm systems
in NZ (Park and Craggs, 2007). Based on the DSE annual VS concentration of 4175 mg/L
(Table 6-5), flow rate of 34.3 m®d and the calculated VS loading of 145 kg/day, the
recommended CAP volume should be between 1000 — 2500 m3. Considering this, the
CAP volume of the study farm (1500 m3), falls within the lower range but is considered

suitable for the intended DSE treatment and pasture irrigation purposes.
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The annual daily CAP influent (DSE) volume of 34311 L/d and farm size of 550 cows,
equated to approximately 62.4 L/cow/day. This volume per cow is slightly lower than the
70 L/cow/d previously observed in NZ (Gordon and Robert, 2007; Heubeck. et al., 2014)
despite the fact that the study farm includes a feed pad and the majority of the previous
study farms did not. Feed pads would normally be expected to increase the overall dairy
farm water consumption and DSE volumes. However, this reduced DSE volume may be
due to compliance the more recent strict regulations governing dairy farm water usage in
NZ, which require dairy farmers to manage their water usage more carefully and comply
with the resource consent requirements. The study farm obtains a sustainable water usage
approach by making use of recycled and treated effluent water to wash the milking yard
and feed pad. To conserve water, the study farm milking shed is manually washed using
potable water sourced from bore water. The used wash water from the milking shed is
directed to the flood wash tank designed to store recycled water and be used to clean the
feed pad. The milking yard is typically cleaned twice a day using green water recycled
from the storage pond supernatant. Similar to the recycled wash water from the milking
shed, the recycled wash water from the milking yard would be directed to the flood wash
tank. The recycled milking shed, and milking yard wash water stored in the flood wash

tank are used to clean the feed pad daily.

6.2.5.2 Free and conjugated ESHs calibration data

Table 6-4 shows the free and conjugated ESHs annual average concentrations in the solid
and dissolved phases of the CAP influent, sludge and effluent samples measured during
2018 and used to calibrate the CAP model (full data is presented in the appendices, Table
A-40 to Table A-45).
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Table 6-4: Annual average free and conjugated ESHs concentrations in the solid (ng/g) and dissolved (ng/L)
phases of the influent, sludge and effluent samples from the CAP collected during 2018 that were used to calibrate
the CAP model

17a-E2 17p-E2 El XESHs
CAP Influent (DSE)
Free ESHs (dissolved) 973 103 153 1230
Conjugated ESH (dissolved) 55.5 39.2 50.3 113
Free ESHs (solid) 273 38.7 112 423
Conjugated ESHs (solid) 175 7.22 9.2 23.7
CAP Sludge
Free ESHs (dissolved) 30.1 46.3 710 786
Conjugated ESH (dissolved) N.DA 13.3 N.D 13.3
Free ESHs (solid) 31.3 67.6 1033 1132
Conjugated ESHs (solid) 15.1 5.93 19.8 40.8
CAP Effluent
Free ESHs (dissolved) 267 72.1 610 949
Conjugated ESH (dissolved) 39.0 8.88 141 189
Free ESHs (solid) 181 71.0 733 985
Conjugated ESHs (solid) 9.10 5.05 5.92 20.1

A Not detected

6.2.5.3 Chemical parameters used to calibrate the CAP model
The annual average TS and VS concentration of the CAP influent, sludge and effluent
were based on the data previously discussed in Chapters 2 and 5 their mean values are

presented in Table 6-5.

Table 6-5: CAP influent, sludge and effluent chemical parameters used to calibrate the CAP model

TS (mg/L) VS (mg/L) Solids fraction VS fraction®  Ash fraction®

(wet basis) (dry basis) (dry basis)
CAP Influent 6950 4175 0.007 0.60 0.40
CAP Sludge 82020 38380 0.082 0.47 0.53
CAP Effluent 3450 1270 0.004 0.37 0.63

Acalculated by dividing VS with TS Bcalculated by 1 — VS fraction (dry basis)

The CAP influent, sludge and effluent TS and VS concentrations and V'S and ash fractions
used in this study are comparable to Fyfe et al. (2016) (influent TS and VS of 6048 mg/L
and 3797 mg/L respectively, effluent TS and VS of 3000 mg/L and 1222 mg/L
respectively and sludge TS and VS of 61216 mg/L and 33249 mg/L) and Hull-Cantillo et
al. (2023) (effluent TS and VS of 3300 mg/L and 1850 mg/L respectively) who
investigated a two-pond and weeping wall DSE treatment system respectively and
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Heubeck et al. (2014) (Influent TS of 7803 mg/L) who surveyed nine different dairy farms
across NZ. The TS and ash concentrations of the CAP effluent (3450 mg/L and 2180
mg/L respectively), suggest that the CAP total solids and ash removal performance are
approximately 50% and 21% respectively. For comparison, Fyfe et al. (2016) indicated
solids removal performance of 40-50% and ash removal of 18-20%.

Compiling the CAP influent flow (Table 6-3) and compositions of the samples (Table
6-5) enables the mass flows in and out of the CAP to be calculated (Table 6-6). In this
calculation, it was assumed the volumetric flow of the CAP influent and effluent was the
same, and the effect on overall mass flow from pumping out the sludge and the production

of biogas was neglected.

Table 6-6: CAP influent and effluent mass flow calculation

Description Influent Effluent
Flow (L/cow/day)” 62.4 62.4
Mass solids (kg/day) 226 118
Mass VS (kg/day) 143 43.6
Mass ash (kg/day) 82.9 74.8
Mass solids (kg/cow/day) 0.41 0.21

A based on a flow of 34311 L/day and 550 cows (Table 6-3)

The influent mass solids of 0.41 kg/cow/day in this study was slightly lower than the 0.56
and 0.68 kg/cow/day reported by Fyfe et al. (2016) and Hull-Cantillo et al. (2023)
respectively. According to Fyfe et al. (2016) literature survey, the influent mass of solids
per cow per day varied between 0.05 and 2.05 kg, and this range was heavily influenced
by the sampling method employed and the activities performed on the farm on the day of
sampling. The value calculated for influent mass solids in this study is likely to be
influenced by the inclusion of a feed pad and the higher overall water usage requirement
compared with the farms without feed pads (Heubeck. et al., 2014) and the low intensity

of the supplementary feed used in the current study farm.

The mass balance over the CAP influent and effluent allows the total sludge mass
produced to be calculated (Table 6-7). As with the reduced influent mass solids, the
produced daily sludge volumes of 1.31 m®/d and 0.87 m®/cow/d are lower than the daily
sludge volumes of 1.57 m®/d and 1.90 m*/cow/d measured by Fyfe et al. (2016).
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Table 6-7: CAP sludge mass flow calculation

Description Sludge
Mass solids (kg/day) 108
Mass VS (kg/day) 100
Mass ash (kg/day) 8.06
Daily sludge volume (m%/d)» 1.31
Annual sludge volume (m3/d) 479
Sludge volume per cow (m3/cow/day) 0.87

Abased on solids fraction in the sludge of 0.082 (Table 6-5)

6.2.6 Performance assessment of the study farm CAP system to treat
seasonal DSE ESHs loads

6.2.6.1 Free and conjugated ESHs CAP data

The variation in the total free and conjugated ESHs concentration for the individual ESH
and XESHs over the nine-month (March to November) sampling was discussed in
Chapters 2 and 3. Peak XESHs concentration were measured in DSE during April and
July, which correlated with the late pregnancy and calving period on the study farm. Table
6-8 presents the measured concentrations of free and conjugated ESHs in both dissolved
and solid phases of the CAP influent collected in 2018 (Chapters 2 and 3) used to assess

the performance of the CAP treatment system.
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Table 6-8: CAP Influent ESHs 2018 concentration data used to assess the seasonal ESHs removal performance
and fate by CAP DSE treatment system

Mar-18 Apr-18 Jul-18 Aug-18 Oct-18 Nov-18
CAP Influent free dissolved ESHs (ng/L)
170-E2 1610 2869 1065 243 28.6 21.7
17B-E2 233 242 108 14.7 7.04 151
E1l 282 415 106 43.8 5.19 68.3
CAP Influent free solid ESHs (ng/g)
170-E2 309 413 689 174 28.1 23.9
17B-E2 61.0 50.1 63.4 16.7 16.6 244
El 71.3 59.3 108 89.0 46.0 296
CAP Influent conjugated dissolved ESHSs (ng/L)
170-E2 86.8 89.1 74.3 33.7 22.6 26.6
17B-E2 N.DA 6.56 30.5 67.4 40.1 51.6
El N.D 137 N.D N.D 7.12 6.78
CAP Influent conjugated solid ESHs (ng/g)
170-E2 2.93 37.0 34.5 114 N.D 1.76
17B-E2 N.D 9.00 8.19 4.46 N.D N.D
El N.D N.D 9.17 N.D N.D N.D

A Not detected

6.2.6.2 CAP Influent volume and chemical parameters data

The DSE volumetric flow and TS and V'S concentrations change over the year depending
on the milking season, what is fed to the cows, rainfall, and wash water used by the farmer
(Fyfe et al., 2016). Table 6-9 presents the measured CAP influent TS and VS
concentration and the monitored (HALO system) CAP influent daily average monthly
volumes that were used to assess the seasonal ESHs removal performance and fate by the

study farm CAP DSE treatment system.

Table 6-9: CAP Influent daily volume, TS and VS 2018 data used to assess the seasonal ESHs removal
performance and fate by CAP DSE treatment system

CAP Influent
Mar Apr July Aug Oct Nov
Daily volume (L/d) 26455 26040 30165 43926 44387 45987
TS (mg/L) 6950 5200 69504 8700 6200 7700
VS (mg/L) 4175A 3200 41754 5200 3300 5000

Adue to the absence of data during these months, annual average concentrations (Table 6-5) were used

Given the monthly average concentrations of the ESHs (Table 6-8), and corresponding
volumetric flow of the CAP influent (Table 6-9), the mass flows of each ESH and their
distribution between being free or conjugated in the liquid and solid phases was calculated
and used to feed the CAP model.
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6.2.6.3 Biochar used to enhance the ESHs removal performance of the CAP

As presented in Chapter 5, addition of powdered biochar concentration ranges between
100 - 1000 mg/L, achieved DSE removal performance of up to 96 %, 65 %, 60 % and
91 % of 170-E2, 17p-E2, E1 and XESHSs respectively. As discussed in Chapter 5,
increasing the biochar concentration above 500 mg/L demonstrated negligible
improvement to the ESHs removal performance of the powdered biochar. Therefore, for
the seasonal CAP ESHs removal simulation, powdered biochar with specifications
mentioned in Chapter 4 and concentration of 500 mg/L was used. At a powdered biochar
concentration of 500 mg/L, 93.6 %, 50.6 %, 74.3 % and 87.3 % of 17a-E2, 17p-E2, E1
and ZESHSs were respectively removed from the dissolved phase of the DSE by adsorption

to the powdered biochar (Chapter 5).

6.2.7 Assessment of potential environmental implication of free and

conjugated ESHs in effluent and sludge re-used from a CAP used to treat DSE

As in Chapters 2, 3 and 5, the environmental implication of the effluent and sludge re-use
was assessed by determining the potencies of the ESHSs in each stream. The estrogen
equivalents (EEQs) and estrogenicity reduction of the CAP (with and without biochar)
was determined by multiplying the concentration of each ESH by the relative potency
factor obtained by the ER-CALUX bioassay (Chapter 2) and (Kolkman et al., 2013). The
EEQs for each compound modelled in the sludge and effluent streams were summed to
obtain the 2EEQ for each sample. This was then divided by the starting estrogenicity of

the DSE to determine a reduction in overall estrogenicity.
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6.3 Results and discussions

6.3.1 Model calibration

6.3.1.1 Solids fraction

Comparison of the CAP model solid fraction outputs with the actual measured data are
presented in Table 6-10 and the associated CAP model variables in Table 6-11. The
calibration results of the CAP model showed high accuracy (R? = 100%) score across all
the datasets. This indicates that the model was able to perform well for the simulation of

the solids and was ready for the simulation of the ESHs.

Table 6-10: CAP model solid output vs measured data

Description CAP measured data CAP modelled data R? (%)
Effluent VS fraction 0.0013 0.0013 100
Effluent Ash fraction 0.0022 0.0022 100
Sludge VS fraction 0.0384 0.0384 100
Sludge Ash fraction 0.0436 0.0436 100
Biogas volume (m%/d) 82.8 83.0 100

The measured and modelled effluent VS and Ash fraction of 0.0013 and 0.0022
respectively and respective reduction of 57.5 % and 18.1% is similar to Fyfe et al. (2016)
who measured dairy shed two ponds treatment system effluent VS and Ash of 0.0012 and
0.0018 and respective reduction of 67.8 % and 20.5 %. The biogas volume model output
of 82.8 m®/d equates to 50 m®/d of methane based on methane comprising 60 % of the
biogas (Craggs et al. 2008) and methane yield of 0.34 m® CH4 per kg VS ((VS = 145 kg
VS/day (Section 6.2.5.1)). This methane yield is similar to the methane yield measured
by the study farm electrician and comparable with numerous cow manure methane
potential studies that determined methane yield factors between 0.20 and 0.28 m?®
CHa/kgVs (Craggs et al. 2008, Heubeck et al. 2010, Pratt et al. 2012).
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Table 6-11: CAP model solid variables

Description Parameter Value

Rate of volatile solid settling (kg/kg/day) Kset vs 0.04645
Rate of ash settling (kg/kg/day) Kot asn 0.00879
Rate of conversion of sludge volatile solids to biogas (kg/kg/day)  Ksuage gas 0.00686
Rate of conversion of liquid volatile solids to biogas (kg/kg/day) ke fuwent gas 0.00005
Rate of sludge migration between stages (kg/kg/day) Js 0.000002
Mass effluent to sludge mixing ratio Komix 2.095

Note: for simplicity, the resuspension of the sludge by the methane gas was neglected

Figure 6-4 and Figure 6-5 show the hypothetical volatile solids, ash and total solids profile
in the liquid and sludge fractions of the CAP respectively. The VS settle at a rate
approximately five times greater than the ash. As a result, the concentration of VS is
higher at the initial stages of the CAP system closest to the influent, while the
concentration of ash is higher at the end of the CAP system closest to the effluent exit.
Similarly, initially the sludge has a much higher VS compared to the ash due to the VS
settling at a much greater rate than the ash and the greater removal of VS by the CAP
pond compared to the ash. However, over time the sludge VS is digested and converted
to methane and CO> and the ash concentration in the sludge thus increases proportionately
to the VS. The VS conversion to biogas in the CAP liquid is approximately 137 times
slower than in the sludge (Table 6-11), indicating that the main driver for change in VS
concentration in the liquid phase is likely to be due to settling and not biological

degradation.
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Figure 6-4: Modelled volatile solids, ash and total solids profile in the liquid part of the CAP.
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Figure 6-5: Modelled volatile solids and ash profile in the sludge of the CAP

A mass balance check was conducted on the CAP model, which involved comparing the
total inputs and outputs of the model with the amount retained within the CAP. The
analysis revealed that the overall percentage difference between these values was within
1.06% (Table 6-12).

Table 6-12: Balance check on the CAP model over a simulation time of 3720 days

VS (kg) Ash (kg) Water (kg) Gas (kg) Total (kg)
Model Input
533012 354277 126780324 127667613
Motel Output
Effluent 160276 275120 125272436
Sludge 60018 74709 1507888
Gas 308248
Total 312718 4448 126780324 127658695
Sludge retained
10036 12367 22403
Total percentage different -1.06%

6.3.1.2 ESHs

Comparison of the CAP model ESHs outputs (concentration and load) with the actual
data are presented in Table 6-13 and Table 6-14. The calibration results of the CAP model
showed high accuracy for the effluent ESHs concentration and load (R? = 98.4 % and

150



Chapter 6: Modelling the efficacy of a dairy farm based covered anaerobic pond treatment
system dosed with powdered biochar to transform and remove estrogenic steroid

hormones

R? = 98.6 % respectively) and sludge concentration and load (R? = 100 % and R? = 99.6 %

respectively) score across all phases and ESHSs species concentrations.
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Table 6-13: Model output ESHs concentration vs actual measured ESHs concentration

Free dissolved (ng/L) Conjugated dissolved (ng/L) Free solid (ng/g) Conjugated solid (ng/g)
170-E2  17B-E2 El 17a-E2 17p-E2 El 17a-E2 17p-E2 El 17a-E2 17p-E2 El
Effluent
Model 271 76.9 614 43.3 10.6 38.6 109 59.2 727 2.67 1.02 2.96
Actual 267 72.1 610 39.0 8.88 141 181 71.0 733 9.10 5.05 5.92
Sludge
Model 29.8 45.6 710 1.07 2.63 0.88 79.6 76.9 1036 1.82 0.65 2.63
Actual 30.1 46.3 710 N.DA 13.3 N.D 31.3 67.6 1033 151 5.93 19.8

A Not detected
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Table 6-14: Model output ESHs load vs actual calculated ESHs load

Free dissolved (mg/d) Conjugated dissolved (mg/d) Free solid (mg/d) Conjugated solid (mg/d)
17a-E2 17p-E2 El 17a-E2 178-E2 El 17a-E2 17p-E2 El 17a-E2 17p-E2 El
Effluent
Model 9.12 2.59 20.7 1.46 0.36 1.30 12.8 6.92 85.1 0.31 0.12 0.35
Actual 8.99 2.43 20.5 1.31 0.03 4.75 21.2 8.31 85.8 1.07 0.59 0.69
Sludge
Model 0.01 0.02 0.29 0.00 0.00 0.00 2.88 2.79 37.52 0.07 0.02 0.10
Actual 0.01 0.02 0.29 N.DA 0.01 N.D 1.13 2.45 40.99 0.55 0.21 0.72

Model output ESH Percentage Reduction (%)

Effluent + sludge

72.5 25.7 -302B 23.0 70.9 24.2 75.9 -5.19 -359 90.9 91.7 79.9
vs Influent
Effluent vs
Influent 72.5 26.2 -296.3 23.0 71.0 24.2 80.4 25.0 -218 92.5 93.1 84.2
nfluen

Actual data ESH Percentage Reduction (%)

Effluent + sludge

72.8 30.3 -299 30.6 75.3 -177 65.7 -16.5 -361.2 61.4 53.2 35.7
vs Influent
Effluent vs
nfluent 72.9 30.8 -294 30.6 75.8 -177 67.5 10.0 -221.1 74.5 65.7 68.4
nfluen

A Not detected. B negative value indicating an increase
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The modelled ZESHSs load in the CAP effluent and sludge and the CAP effluent alone
were 199 mg/day and 156 mg/day respectively resulting in ZESHs removal percentage of
-18.5 and 9.53 % respectively. The ESHSs daily loads and CAP removal performance
produced by the model were comparable with the corresponding actual XESHSs load of
185 mg/d and 141 mg/d and CAP actual removal performance of -27.5 % and -0.05 %
respectively. Similarly, the modelled ZESHSs estogenicity reduction of the combined CAP
effluent and sludge and the CAP effluent alone were 8.40 % and 29.1 % respectively.
These XESHSs estogenicity reduction rate are slightly different to the corresponding 1.17%
and 18.7 % demonstrated by the actual data (Table 6-15).

The observed CAP ESHs removal performance, considering both the ESHSs in the effluent
and sludge compared to the influent, can be attributed to the characteristics of the sludge.
The sludge contains a higher proportion of ESHs due to its elevated total solids (TS)
content and the stronger affinity of ESHs for solid particles. As highlighted in Chapter 2,
the sludge was found to consist of a substantial proportion (ranging from 98.6 % to
99.4%) of ESHs, predominantly associated with the solid phase. Consequently, the sludge
acts as a reservoir rich in ESHs. However, during instances where the sludge level
becomes excessively high, resulting in the mixing of sludge with the effluent, particularly
during peak flow periods, imbalances occur, leading to suboptimal ESHs removal

performance.

Table 6-15: Model output total ESHs load vs actual calculated ZESHs estrogenicity

Free dissolved Conjugated dissolved Free solid Conjugated solid
Model output XESH Estrogenicity Reduction (%)

Effluent + sludge vs

21.0 68.9 -18.3A 914
Influent
Effluent vs Influent 21.6 69.0 16.0 92.9

Actual data XESH Estrogenicity Reduction (%)

Effluent + sludge vs
25.2 67.9 -29.1 53.0
Influent

Effluent vs Influent 25.8 68.4 1.71 65.9

Anegative value indicating an increase

As discussed in the previous chapters (Chapters 2 and 3), the majority of free and
conjugated forms of 17a-E2 and 17B-E2 will ultimately be converted to the free form of
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E1 either directly or through the deconjugation process. This ESH transformation occurs
in both the effluent and sludge. The fate of the individual ESH in the CAP dissolved and
solid phases of the liquid and sludge are presented in Figure 6-6, Figure 6-7, Figure 6-8
and Figure 6-9. The dissolved free and conjugated 17a-E1 influent used for the calibration
was initially 1029 ng/L. This concentration was reduced in the first stage of the CAP
model to 843 ng/L down 315 ng/L by stage 6. This reduction corresponds with the
conversion of 17a-E1 to E1 and the increase of E1 from 203 ng/L in the influent to 344
ng/L in the CAP stage 1, peaking at 652 ng/L in stage 6. The free and conjugated ESHs
in the solid phase of the liquid followed a different trend and present a consistent
reduction of 17a-E1, 17B-E2 and E1 throughout the CAP system, indicating that the solid
phase associated ESH in the liquid would tend the settle rather than transfer. This settling
is most likely linked to the enhanced VS settling rate compared with the ash (Table 6-11)
and the greater affinity of the ESHSs to the organic carbon (Chapter 2). In the sludge, the
dominant dissolved ESH E1 presented similar characteristics to the solid phase in the
liquid by steadily reducing throughout the CAP system from 991 ng/L in stage 1 to 445
ng/L in stage 6. In the solid phase of the sludge, E1 peaked around stage 3 at 1237 ng/g
down 964 ng/g in stage 6, whereas 17a-E1 and 173-E2 remained low (< 106 ng/g).
Generally, the decrease in ESH was dominated by conversion to E1 (estrogenicity

reduction) and settling (in term of ESHs removal from the dissolved phase).
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Figure 6-6: The fate of free and conjugated ESH in the CAP dissolved phase of the liquid over the simulation time
and different CAP stages
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Figure 6-7: The fate of free and conjugated ESH in the CAP solid phase of the liquid over the simulation time and
CAP stages
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Figure 6-8: The fate of free and conjugated ESH in the CAP dissolved phase of the sludge over the simulation
time and CAP stages
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Figure 6-9: The fate of ESH in the CAP solid phase of the sludge over the simulation time and CAP stages

Table 6-16, Table 6-17, Table 6-18 and Table 6-19 present the CAP model ESH
transformation variables using Equations 6-13 to 6-18.

Table 6-16: CAP model free and conjugated ESH species transformation variables (day™) - liquid dissolved phase

Free ESH
ESH Species E1 (f, i=1) 170-E2 (f, i=2) 17B-E2 (f, i=3)
El (f,i=1) 0 0 0
Free ESH 17a-E2 (f, i=2) 0.04071 0 0
17B-E2 (f, i=3) 0.00535 0 0
El (c, i=4) 0 0 0
Conjugated ESH 170-E2 (c, i=5) 0.00085 0.000379355 0
17B-E2 (c, i=6) 0.01749 0 0.02083
ESHSs degradation
coefficient Kd 0.00954 0 0

ABased on the assumption that any solids within the effluent would settle into the sludge.
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Table 6-17: CAP model free and conjugated ESH species transformation variables (day™) — liquid solid phase

Free ESH
ESH Species E1 (f, i=1) 170-E2 (f, i=2) 17B-E2 (f, i=3)
El (f, i=1) 0 0 0
Free ESH 17a-E2 (f, i=2) 0 0 0
17B-E2 (f, i=3) 0.00617 0 0
El (c, i=4) 0.01936 0 0
Conjugated ESH 170-E2 (c, i=5) 0.01884 0.205 0
17B-E2 (c, i=6) 0.01948 0 0.012
ESHSs degradation
coefficient Kd 0 0 0

Table 6-18: CAP model free and conjugated ESH species transformation variables (day™?) — sludge solid phase

Free ESH
ESH Species E1 (f, i=1) 17a-E2 (f, i=2) 17B-E2 (f, i=3)
El (f, i=1) 0 0 0
Free ESH 17a-E2 (f, i=2) 0.01972 0 0
17B-E2 (f, i=3) 0.00082 0 0
El (c, i=4) 0.01513 0 0
Conjugated ESH 17a-E2 (c, i=5) 0.01830 0.01784 0
17B-E2 (c, i=6) 0.01947 0 0.02178
ESHs degradation
cosfficient Kd 0.00081 0 0

Table 6-19: CAP model free and conjugated ESH species transformation (day™) variables — sludge liquid phase

Free ESH
ESH Species E1 (f, i=1) 170-E2 (f, i=2) 17B-E2 (f, i=3)
E1l (f, i=1) 0 0 0
Free ESH 170-E2 (f, i=2) 0.08299 0 0
17B-E2 (f, i=3) 0.00260 0 0
El (c, i=4) 0.23615 0 0
Conjugated ESH 170-E2 (c, i=5) 0.01829 0.20298 0
17B-E2 (c, i=6) 0.02659 0 0.00416
ESHs degradation
coefficient Kd 0.000% 0 0

Conversion of all free and conjugated ESHSs to free E1 was predominant in all phases with
the most rapid conversion rates in the sludge liquid phase (mean of 0.061 days™) and

sludge solid phase (mean of 0.012 days™). ESH conversion rates in the liquid and solid
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phases in the sludge were mostly similar except for the conversion of 17a-E2 to E1 which
was faster in the solids phase compared to the liquid phase in the sludge. Free 17a-E2 to
free E1 conversion rate in the liquid dissolved phase was dominant at 0.041 days?,
compared to 0.083 and 0.020 days™ in the sludge liquid and solid phases. Conjugated
ESH conversion to free ESH also occurred. The conjugated ESH conversion to free E1
was the dominant and rapid in the sludge liquid phase, following by a similar conversion
rate in the liquid and sludge solid phases. Conversions of conjugated ESH to 17a-E2 and
17B-E2 were also observed in all phases at similar conversion rate which ranged from
0.0004 — 0.20 days™ (mean = 0.039 days™). Conjugated ESH conversion to free E1 can
occur through direct deconjugation of conjugated E1 to free E1 at a rate of up to 0.236
days™ in the sludge liquid phase or through the conversion of free 17a-E2 and 17B-E2
(Chapters 2 and 3). As with the ESH conversion rate, the most rapid biological
degradation rate occurred in the sludge liquid phase at 0.0055 days™ followed by in the
liquid dissolved phase at 0.0095 days™. This suggests that the ESH conversion and

biological degradation most commonly occurs in the sludge liquid phase.
6.3.2 Total seasonal DSE ESHs loads

The DSE volumetric flow and characteristics change over the year depending on the
milking season, what is fed to the cows, rainfall, and wash water used by the farmer, and
the biological activity will depend on the pond temperature which typically in CAP
systems will depend on atmospheric, ground and incoming effluent temperatures. As
shown in the previous section and in Chapters 2 and 3, these changes have a direct effect
on the fate and removal performance of the ESHs in the CAP system. The daily DSE
seasonal volume and ESHs loads are presented in Figure 6-10 and the monthly breakdown
of the different free and conjugated ESH in the dissolved and solid phases are presented
in Table 6-20.
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Figure 6-10: Actual seasonal DSE daily volume and total ESHs load

The highest total free and conjugated ESHSs load in the DSE occurred during April and
July (174 and 233 mg/d respectively) while the lowest loads during August, October and
November (131, 28 and 131 mg/d respectively). The ESHs load variation correlates well
to the DSE volumetric change occurring during the peak milking months (August —
November), during which a large volume of water is used and dilution of the ESH may
occur, and the late pregnancy of the milking cows and calving period (April —July) during
which peak concentrations of ESHs in the faeces and urine of cows are excreted
(Hoffmann et al., 1997).
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Table 6-20: Seasonal DSE ESHs load — model simulation input

Mar Apr Jul Aug Oct Nov
CAP Influent free dissolved ESHs (mg/day)
170-E2 42.3 74.3 31.9 10.6 1.26 0.99
17B-E2 6.12 6.27 3.24 0.64 0.31 0.69
El 7.41 10.8 3.18 191 0.23 3.12
XESH 55.8 914 38.3 131 1.80 4.80
CAP Influent free solid ESHs (mg/day)
170-E2 56.8 55.9 145 66.5 7.74 8.47
17B-E2 11.2 6.79 13.3 6.38 4.57 8.64
El 131 8.03 22.7 34.0 12.7 105
XESH 81.1 70.8 180 107 25.0 122
CAP Influent conjugated dissolved ESHs (mg/day)
170-E2 2.28 231 2.23 147 1.00 1.21
17B-E2 N.D 0.17 0.91 2.94 0.18 2.36
El N.D 3.55 N.D N.D 0.31 0.31
XESH 2.28 6.03 3.14 4.40 1.49 3.88
CAP Influent conjugated solid ESHs (mg/day)

170-E2 0.54 5.01 7.23 4.36 N.D 0.62
17B-E2 N.D 122 1.72 1.70 N.D N.D
El N.D N.D 1.92 N.D N.D N.D
YESH 0.54 6.23 10.9 6.06 N.D 0.62

A Not detected

The contribution of the conjugated and free ESHSs to the total ESHs load entering the CAP
system is presented in Figure 6-11. On average, the total ZESHSs average load in the CAP
influent was 140 mg/d, with 17a-E2 being the most dominant ESH with an average daily
load of 88.3 mg/d following by E1 with a load of 38.1 mg/d. The conjugated ESHs
constitute 5.45% of the total ESHSs load entering the CAP system which equates to a load
of 7.60 mg/d. This conjugated ESHs load cannot be disregarded as, if the conjugated
ESHs are not converted to free ESHs and/or treated by the CAP, these highly water-
soluble and mobile conjugated ESHs can readily reach surface and ground water where
they can be potentially be transformed into the potent biologically active free form
(Chapter 3).
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Figure 6-11:Modelled DSE conjugated and free ESHs loads

6.3.3 Performance assessment of the study farm CAP system to treat

seasonal DSE ESHSs with and without biochar — model output

The simulation of the farm CAP system was completed using the data presented in

Section 6.2.6 and the model coefficients established during the calibration section.

6.3.3.1 CAP effluent

Presented in Table 6-21 and Table 22 are the CAP model simulation effluent results
(concentration and load respectively) and the ESHs removal performance of the CAP

system, both with and without biochar, throughout the milking season.
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Table 6-21: Seasonal variation CAP modelled free and conjugated ESHs concentration in the dissolved and solid phase of the effluent and the ESHs removal performance of the CAP system,
both with and without biochar, throughout the milking season.

Free dissolved (ng/L) Conjugated dissolved (ng/L) Free solid (ng/g) Conjugated solid (ng/g)
170-E2  17p-E2 El 170-E2  17p-E2 El 170-E2 17g-E2 El 170-E2 17p-E2 El
March  Effluent Model (no biochar) 316 137 1054 62.7 N.DA N.D 104 75.4 618 0.34 N.D N.D
Effluent Model (with biochar) 26.1 71.0 116 63.0 N.D N.D 163 87.8 901 0.31 N.D N.D
April Effluent Model (no biochar) 527 141 1796 63.5 1.29 95.5 131 62.8 794 3.77 0.84 N.D
Effluent Model (with biochar) 30.3 73.5 140 63.7 131 95.9 260 79.1 1458 3.41 0.76 N.D
July Effluent Model (no biochar) 252 75.1 635 55.9 7.65 N.D 256 89.2 1369 4.61 1.00 2.68
Effluent Model (with biochar) 26.8 429 95.6 56.1 7.76 N.D 284 91.2 1451 4.29 0.93 2.51
Aug Effluent Model (no biochar) 91.5 254 160 28.0 26.5 N.D 82.6 30.1 513 2.35 0.85 N.D
Effluent Model (with biochar) 23.3 20.1 60.7 28.0 26.7 N.D 87.4 29.6 517 2.23 0.81 N.D
Oct Effluent Model (no biochar) 105 6.02 19.0 18.6 1.56 5.79 114 24.0 147 N.D N.D N.D
Effluent Model (with biochar) 7.43 3.45 14.6 18.7 1.57 5.81 111 22.9 136 N.D N.D N.D
Nov Effluent Model (no biochar) 8.46 22.3 78.2 22.2 20.7 5.59 115 39.4 708 0.37 N.D N.D
Effluent Model (with biochar) 6.53 17.0 41.7 22.2 20.9 5.60 11.0 38.1 665 0.35 N.D N.D
Average Effluent Model (no biochar) 201 67.7 624 41.8 9.6 17.8 99.4 53.5 692 1.91 0.45 0.45
Effluent Model (with biochar) 20.1 38.0 78.1 41.9 9.72 17.9 136 58.1 854 1.77 0.42 0.42
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The modelled effluent concentrations of free ESHSs, in the absence of biochar, were
determined to be 892 ng/L. However, with the addition of biochar, this concentration
decreased to 136 ng/L, indicating a significant reduction of 88.8 %. The concentrations
of conjugated dissolved ESHs were found to be 69.2 ng/L without biochar and 69.5 ng/L
with biochar, suggesting that the presence of biochar did not have a substantial impact on
the conjugated ESHs in the dissolved phase. Similarly, the model predicted the
concentrations of total conjugated ESH in the solids phase to be 2.80 ng/g without biochar
and 2.60 ng/g with biochar, indicating a minimal effect of biochar on the conjugated ESHs
in the solid phase. In contrast, the modelled concentrations of free ESHs in the solid phase
were determined to be 854 ng/g without biochar and 1049 ng/g with biochar, revealing
an increase of 18.6 % in the ESHSs present in the solid phase when biochar was used. This
observation implies that the presence of biochar facilitates the transfer of ESHs from the
dissolved phase into the solid phase, which in turn enhances their removal by allowing
for easier settling of the ESHs within the CAP system and/or subsequent treatment

processes, such as the storage pond.

Table 6-22: Seasonal variation CAP modelled free and conjugated ESHs load (mg/d) in the dissolved and solid
phase of the effluent and CAP ESHs removal performance with and without biochar

Mar Apr July Aug Oct Nov
Dissolved Phase (Free and Conjugated XESHs)
Effluent (no biochar) 40.7 67.4 30.3 14.2 2.69 7.11
Effluent (with biochar) 7.15 104 6.77 6.82 2.25 5.14
% Reduction (no biochar) 30.0 30.8 26.8 18.8 18.4 18.1
% Reduction (with biochar) 87.7 89.4 83.7 61.1 31.7 40.8
Solid Phase (Free and Conjugated XESHs)

Effluent (no biochar) 61.2 53.4 164 138 29.6 150
Effluent (with biochar) 100 114 197 152 30.8 155
% Reduction (no biochar) 25.0 30.6 14.3 -21.7A -185 -22.2
% Reduction (with biochar) -22.4 -48.5 -2.71 -34.1 -23.4 -26.8

Combined Dissolved and Solid Phases (Free and Conjugated YESHs)
Effluent (no biochar) 102 121 194 152 323 157
Effluent (with biochar) 107 125 203 158 331 161
% Reduction (no biochar) 27.1 30.7 16.5 -16.2 -14.2 -19.6
% Reduction (with biochar) 234 28.5 12.7 -21.3 -17.0 -22.3

Note: 500 mg/L of biochar was added to each month equated to biochar mass of 13.2 kg/d (March). 22.2 kg/d (Oct),
22.0 kg/d (Aug), 15.1 kg/d (July), 13.0 kg/d (April). A negative value indicating an increase.

The modelled seasonal average ESHs load in the CAP effluent differed between scenarios
with and without biochar, measuring 126 mg/d (without biochar) and 131 mg/d (with
biochar), respectively. The percentage reduction varied significantly throughout the
season, ranging from -19.6 % to 30.7 % (without biochar) and -22.3 % to 28.5 % (with
biochar). The daily loads of free and conjugated ESHSs in the dissolved phase of the
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effluent exhibited distinct patterns throughout the milking season, with and without
biochar addition. In the absence of biochar, the highest daily free and conjugated ESHs
loads in the dissolved phase of the effluent loads were observed during March, April, and
July, ranging from 30.3 to 67.4 mg/d. Conversely, lower loads were recorded during
August, October, and November, ranging from 2.69 to 14.2 mg/d, accompanied by ESHs
reduction rates ranging from 18.1 % to 30.8 %. In comparison, when biochar was
incorporated, the daily loads of free and conjugated ESHs in the dissolved phase were
notably lower during March, April, and July and remained relatively consistent
throughout the season, ranging from 2.25 to 10.4 mg/d. During these months, the use of
biochar resulted in higher ESHSs reduction rates, ranging from 83.7 % to 89.4 %. However,
during August, October, and November, the removal performance was comparatively

lower, ranging from 31.7 % to 61.1 % when biochar was employed.

The enhanced removal performance of free and conjugated ESHs in the dissolved phase
of the effluent, observed when biochar was introduced into the CAP system, can be
attributed to the improved adsorption of ESHs onto the biochar-enriched solid phase of
the effluent (Chapter 5) and subsequent settling into the sludge. This conclusion is
supported by the increased loads of free and conjugated ESHSs, as well as the reduced
removal performance, observed in the solid phase of the effluent when biochar was added
to the influent, compared to the non-biochar dosed influent. The decrease in removal
performance during the months of August, October, and November can be attributed to
the higher influent flow rates (Figure 6-10) and the accumulation of sludge that typically
occurs during this period. The study farm typically carried out sludge removal during the
months of February to April each year, removing approximately 450 m? of the sludge and
effluent mixture. The study farm's CAP system is characterised by a relatively shallow
depth of 3.75 m. Due to the rapid accumulation of sludge calculated as 479 m®/yr (Table
6-7), and the infrequent removal of sludge, which occurs approximately once a year, the
sludge level within the CAP system is expected to increase over time, particularly during
the months further away from the desludging event. The increased height of the sludge
layer during the months further away from the desludging event contributed to the
occurrence of short-circuiting, whereby the influent preferentially flowed across the
upper surface of the CAP towards the outlet. This flow of fresh influent along the upper

surface of the CAP resulted in disturbance and mixing with the upper layer of settling and
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unconsolidated pond sludge. Consequently, the effluent discharged from the CAP outlet
after April represented a mixture of fresh influent and the upper layer of accumulated
pond sludge. This conclusion is supported by the observed increase in the concentration
and proportion of E1 in the solids phase of the CAP effluent compared to the influent
samples, specifically after April (Table 6-21 and Chapter 2).

6.3.3.2 CAP sludge
Table 6-23 provides the modelled output data of the loads of free and conjugated ESHs

in both the dissolved and solid phases of the sludge, with and without biochar, after it is

simulated to be removed annually from the CAP system and subsequently applied to land.

Table 6-23: CAP modelled free and conjugated ESHs mass (mg) in the dissolved and solid phase of the sludge
with (500 mg/L) and without biochar

170-E2 17B-E2 El XESH
Dissolved Phase Free ESH
Sludge (no biochar) 2.87 5.00 73.7 81.6
Sludge (with biochar) 0.44 3.17 15.7 19.3
Dissolved Phase Conjugated ESH
Sludge (no biochar) 0.14 0.44 0.03 0.61
Sludge (with biochar) 0.16 0.47 0.04 0.67
Solid Phase Free ESH
Sludge (no biochar) 900 872 12698 14471
Sludge (with biochar) 1343 1044 16716 19103
Solid Phase Conjugated ESH
Sludge (no biochar) 16.3 3.79 5.07 25.17
Sludge (with biochar) 17.5 4.04 5.42 27.0
Total (Dissolved and Solid Phases) Free and Conjugated ESH

Sludge (no biochar) 919 882 12777 14578
Sludge (with biochar) 1361 1052 16737 19150

As anticipated, the predominant ESH found in the sludge is E1. A significant portion
(approximately 99 %) of the ESHSs are present in the solid phase, primarily as free ESHSs.
The introduction of biochar into the system led to a substantial reduction (76 %) in the
concentration of free ESHSs in the dissolved phase, while the levels of dissolved phase
conjugated ESHs remained consistent. The reduction in free ESHSs in the dissolved phase
resulted in a corresponding increase in the concentration of free ESHSs in the solid phase

of the sludge.

In terms of total ESHs content, the sludge without biochar contained a mass of 14,578 mg
of free and conjugated ESHs in the dissolved and solid phases, whereas the sludge with
biochar had a total mass of 19,150 mg. Considering the annual volume of sludge removal,

which amounted to 479 m® (Table 6-7), the concentrations of total ESHs in the sludge
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were calculated to be 30.4 mg/m?® and 40.0 mg/m? for the scenarios without biochar and
with biochar, respectively.

As previously discussed, the inclusion of biochar in the system has a positive impact on
ESHs removal from the liquid phase of the CAP, facilitating faster settling of ESHs into
the sludge, as evidenced by the model results. Once the ESHSs are retained within the
sludge, they are more likely to undergo degradation or remain within the sludge until it is
eventually removed from the CAP system. Consequently, the addition of biochar will
allow the CAP effluent to contain less ESHs load when applied to the pasture. However,
the fate of the ESHs-rich sludge and biochar mixture when applied to land remains
uncertain. It is possible that the ESHs adsorbed onto the sludge and biochar mixture could
undergo biological degradation (Mansell et al., 2004; Ying & Kookana, 2005) or be
retained through adsorption processes (Casey et al., 2003; Mansell et al., 2004; Sarmah
et al., 2008; Ying & Kookana, 2005). Nevertheless, these hypotheses require further
investigation to provide conclusive evidence. It may be possible that the ESHs-rich sludge
and biochar mixture be required to undergo further treatment before applying it to pasture.
Cost benefit analysis would be required to find the most suitable sludge ESHSs treatment
to suit the farm environment (information regarding the use of anaerobic digestion in

conjunction with a pyrolysis system is presented in the appendices, Section 7.2A.26)

6.3.3.3 Estrogenicity

Table 6-24 provides a summary of the estimated estrogenic activity, calculated based on
the daily average load, for the free ZESHs in the dissolved and solid phases of the CAP
influent, effluent, and sludge, both with and without biochar.
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Table 6-24: Modelled seasonal and mean estogenicity (expressed as estrogenic equivalents) of free XESHs in
dissolved and solid phases

Mar Apr July Aug Oct Nov Mean
Dissolved and Solid Phases
Influent 18.7 14.7 18.8 8.51 5.23 11.6 12.9
Effluent (no biochar) 11.0 8.97 14.0 10.3 4.67 11.7 10.1
Effluent (with biochar) 11.2 9.00 145 10.6 4.83 12.0 104
Sludge (no biochar) 3.85 2.34 5.46 2.79 1.25 3.09 3.13
Sludge (with biochar) 5.22 3.87 6.03 2.97 1.33 3.24 3.78
Effluent vs Influent
% Reduction (no biochar) 41.4 39.1 255 -20.5 10.7 -0.82 15.9
% Reduction (with biochar) 40.1 38.9 22.8 -24.8 7.57 -3.70 135
Effluent + Sludge vs Influent
% Reduction (no biochar) 20.9 23.3 -3.48 -53.3 -13.3 -27.5 -8.90
% Reduction (with biochar) 12.3 12.6 -10.7 -59.8 -17.9 -31.6 -15.9

Anegative value indicating an increase

The calculated estrogenic activity displays an average estrogenicity reduction of 15.9 %
in the CAP effluent compared to the influent when biochar was not used, and a slightly
lower reduction of 13.5 % when biochar was present. However, when considering the
combined estrogenicity of the effluent and sludge, the average reduction was -8.90 %
without biochar and -15.9 % with biochar. The results demonstrate that the CAP system,
regardless of the presence of biochar, plays a significant role in reducing estrogenic
activity in the effluent of dairy wastewater, indicating its potential as an effective
treatment method for mitigating the presence of estrogenic substances. However, when
considering the estrogenic activity of the sludge, the overall reduction in estrogenicity by
the CAP system is compromised due to the higher load of ESHSs in the sludge, particularly
E1, which exhibits greater estrogenic potency compared to 17a-E2 (Noguera-Oviedo and
Aga, 2016). These findings highlight the need for further investigation to address the

challenges associated with ESHSs in the sludge.
6.3.4 Improved CAP system and operation — model output

In order to optimise the ESHs removal performance of the CAP system, it is crucial to
ensure an adequate retention time that can accommodate the hydraulic load during peak
milking months, specifically from August to November. This extended retention time
allows sufficient opportunity for the absorbed ESHs to settle into the sludge where
biological degradation is enhanced. The introduction of biochar into the CAP system
offers the potential to enhance ESHSs capture and settle-out rates, thereby reducing transfer
time and potentially decreasing the required pond size and overall cost. Additionally,
periodic removal of the sludge is essential to prevent short circuiting and the carry-over

of sludge towards the outlet of the CAP. Monitoring the TS concentration in the effluent
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can serve as an indicator for determining the appropriate timing for sludge removal. If the
TS concentration shows a continuous increase, it suggests that sludge removal from the

CAP system is necessary to maintain optimal performance.

Table 6-25 showcases the performance evaluation of an enhanced CAP system designed
to facilitate improved ESHs removal. This enhanced system incorporates an increased
CAP volume and depth of 2000 m® and 5 m respectively, which enables a higher retention
time without the likelihood of sludge carry-over towards the CAP outlet. The table
presents key performance indicators, such as ESHs removal efficiency and concentrations
in the effluent and sludge, with and without the addition of biochar, for comparison

between the improved CAP system and the study farm CAP system.

Table 6-25: Improved CAP system (volume = 2000 m® and depth of 5 m) effluent and sludge ESHs loads and
performance data

Effluent Sludge Removal Removal Estrogenicity Estrogenicity
Total Total Effluent vs Effluent+ reduction reduction
ESHs ESHs Influent Sludge vs Effluent vs Effluent+sludge
(mg/d) (mg/d) (%) Influent (%) Influent (%) vs Influent (%)
Modified CAP
size and depth 44.7 57.0 67.9 26.2 70.4 331
(no biochar)
Modified CAP
size and depth 36.6 74.0 73.0 20.9 735 29.9

(with biochar)

The implementation of the improved CAP system resulted in significant reductions in the
total ESHs load of the study farm modelled effluent. Compared to the CAP of the study
farm, the improved CAP system demonstrated decreased ESHSs loads of 44.7 mg/d (no
biochar) and 36.6 mg/d (with biochar), corresponding to ESHs concentrations of 1.31
ng/L and 1.06 ng/L based on an annual average daily volume of 34,311 L/d (Table 6-3).
These concentrations align with the predicted no effect concentrations (PNECs) for
steroid hormones which specify 17B- E2 short-term fish reproduction impacts of 2 ng/L,
and for E1 of 6 ng/L (Caldwell et al., 2012) and short-term exposure of combined risk of
E1, 17B-E2, 17a-ethinyl estradiol (17a-EE) and E3 expressed as 17p-E2 equivalents, in

the order of 5 ng/L, while the long-term exposure rate was 2 ng/L (Anderson et al., 2012).
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As expected, the modelled sludge in the improved CAP system exhibited higher ESHs
concentrations, with an annual mass of 20,805 mg and a concentration of 43.4 mg/m3
(considering an annual volume of sludge removal of 479 m?), while the sludge with
biochar had a total mass of 27,010 mg and a concentration of 56.4 mg/m?®. These ESHs
masses and concentrations are higher than the corresponding values of 14,578 mg and
30.4 mg/m?® (no biochar) and 19,150 mg and 40.0 mg/m? (with biochar) observed in the
modelled output of the study farm CAP system. This indicates improved settling of ESHs
to the sludge. Furthermore, the improved CAP system demonstrated enhanced removal
performance, with effluent vs influent removal percentages increasing from 4.05 % (no
biochar) and 0.67 % (with biochar) in the study farm CAP system to 67.9 % and 73.0 %
respectively in the improved CAP system. Similarly, the estrogenicity reduction also
improved, increasing from 15.9 % (no biochar) and 13.5 % (with biochar) to 70.4% and
73.5 % respectively.

6.3.5 Limitations

The calibration data used in this study assumes a constant volumetric flow into the CAP
pond, influent concentration, microbial activity, and plug flow throughout the year. In
reality, these parameters can vary depending on factors such as the milking season, feed
composition, rainfall, and wash water usage by the farmer. Additionally, the
methanogenic activity in the pond is influenced by the temperature, which in turn depends
on atmospheric, ground, and incoming effluent temperatures. These variations were not
accounted for in the model. The effects of these parameters could be explored in the
laboratory, but the size of equipment would be driven by the volume of liquid sample (1-
2 L) required each time to be able to detect the ESHSs, potentially requiring a 60 L reactor
(assuming a residence time of 30-60 days) needing daily feeding using a substrate with
controlled ESH concentrations (assuming the ESH concentrations are kept in a similar
range to that observed in Chapter 2).

Another limitation is that the model does not consider the stratification of the sludge into
different layers, such as a denser ash-rich layer and a less dense VS rich phase. Previous
research by Fyfe et al. (2016) has shown that methanogenic activity is highest in the VS-
rich phase. This aspect was not incorporated into the model, potentially impacting the

accuracy of the results. The ESHs might be present in higher concentrations in the VS
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rich phase compared to the ash-rich phase. This could be explored further in a laboratory
set up that allowed selective sampling of the different layers of sludge.

Furthermore, Fyfe et al. (2016) observed that the flow in the pond tended to circulate
around the outer perimeter, leading to slightly higher sludge height in that region. This
phenomenon could be attributed to the location and orientation of the inlet pipes.
However, flow hydraulics were not considered in the model due to the pond being covered,
making it difficult to determine. Using a tracer method could provide information on
hydraulics through mean residence time and tracer profile, however the long residence
time of the liquid (up to 60 days) made it impractical to measure using this approach. The
flow hydraulics could also impact on the distribution of solids and ESHs in the sludge,
with the ESHs predominantly being present around the outer perimeter of the pond where
the solids have settled first. Similarly, the impact of jetting, mixing, and sediment
movement within the CAP on ESH concentrations across its spatial dimensions,
encompassing length, breadth, and depth is unkown. This impact could not be established
as the collection of samples is hindered by the restricted availability of suitable locations
for sampling within the CAP. This limitation poses a challenge to the comprehensive
assessment of ESHs distribution patterns in relation to the specified hydrodynamic

processes.

Additionally, limitation associate in elucidating the anaerobic biochemical pathway
responsible for the degradation of ESHs and experimentally quantifying the rates of
degradation. This work is rendered challenging due to the necessity of collecting

substantial sample sizes and the time-intensive nature of sample analysis.

An additional limitation of the study is the assumption that the ESHs adsorbed onto the
powdered biochar in the sump would remain adsorbed throughout their retention in the
CAP system. To validate this assumption, a desorption trial should be conducted under
anaerobic conditions, simulating the actual conditions within the CAP system, for a
duration of up to 60 days. This trial would provide valuable insights into the stability of
ESHSs adsorption onto biochar and assess the potential for desorption and re-release of
these substances over time. By investigating the long-term behaviour of ESHs adsorption

onto biochar, the reliability and effectiveness of using biochar as an adsorbent in the CAP
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system could be better understood. This would also enable a better understanding of the
the rates of conversion of the ESHs to E1 in the biochar compared to in the sludge.

6.3.6 Conclusions

e The calibration results of the CAP model demonstrated a high level of accuracy,
with R? values ranging from 98.4% to 100% for the solids and ESHs datasets.
These findings indicate that the CAP model is capable of effectively simulating
the fate and removal performance of ESHs in a CAP DSE treatment system.

e The total free and conjugated ESHSs load in the DSE showed variations throughout
the year, with the highest loads observed in April and July (174 and 233 mg/d),
and the lowest loads in August, October, and November (131, 28, and 131 mg/d).
These variations align with changes in DSE volume, influenced by milking
activity and cow pregnancy. Furthermore, the conjugated ESHs accounted for
5.45 % of the total DSE ESHs load, equivalent to 7.60 mg/d.

e The addition of biochar to the modelled study farm CAP system significantly
reduced the concentration of free ESHSs in the dissolved phase of the effluent by
88.8 %, from 892 ng/L to 136 ng/L. However, the presence of biochar had a
minimal impact on the concentrations of conjugated ESHSs in the dissolved and
solid phases. In contrast, the concentrations of free ESHs in the solid phase of the
effluent increased by 18.6 % when biochar was used, with values of 854 ng/g
without biochar and 1049 ng/g with biochar.

e The sludge without biochar contained 14,578 mg of total ESHSs, while the sludge
with biochar had 19,150 mg. With an annual sludge removal volume of 479 m?,
the corresponding concentrations of total ESHs were 30.4 mg/m?® (without
biochar) and 40.0 mg/m? (with biochar).

e Biochar promotes ESHs removal from the dissolved phase to the solid phase,
enabling the ESHs to settle within the CAP system, and potentially be removed in
subsequent treatment processes.

e The decreased CAP ESHs removal performance is influenced by higher influent
flow rates and sludge accumulation. The infrequent removal of sludge and shallow
depth of the CAP system contribute to sludge level increase leading to short-

circuiting and mixing of fresh influent with the upper layer of pond sludge.
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Increasing the CAP volume and depth allowed for higher retention time and
reduced sludge carry-over and resulted in a 19 % reduction in the total ESHs load
of the effluent, with concentrations of 1.31 ng/L (no biochar) and 1.06 ng/L (with
biochar). The improved CAP system demonstrated enhanced removal
performance, with effluent vs influent removal percentages increasing to 67.9 %
and 73.0 %, and estrogenicity reduction improving to 70.4 % and 73.5 %
respectively.

Further investigation is needed to determine the hydraulic conditions within the
CAP system as well if the ESHs adsorbed onto the sludge and biochar mixture
undergo biological degradation or conversion, and remain adsorbed within the

CAP system and/or in sludge when applied to land.
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Chapter 7:

Conclusions and Recommendations

This chapter presents the overall conclusions with respect to the objectives of the research

as well as presenting recommendations for future research.

7.1

Conclusions

This study provides new insights and perspectives on the treatment performance
and fate of estrogenic steroid hormones (ESHS) in a covered anaerobic pond (CAP)
dairy farm effluent treatment system by measuring the concentration of free and
conjugated ESHs in the influent, sludge and effluent in both dissolved and solid
phases over nine months. It also provides the results of a novel research and design
tool for treating dairy shed effluent (DSE) ESHSs by using powdered biochar and
establishing a CAP treatment system model. The use of biochar and the developed
model offer promising approaches to address the environmental challenges
associated with the ESHs.

Previous studies investigating the fate and concentration of ESHs in DSE
treatment systems have focussed mainly on the dissolved phase and ignored the
sludge and the solid phase. By doing so these studies have ignored a substantive
source of, and sink for, ESHs within DSE treatment systems. This study
confirmed the hypothesis that excluding the contribution of ESHs in the solid
phase of DSE treatment systems overestimates the system’s efficacy in removing
ESHSs. The exclusion of sludge and the solid phase significantly underestimates
the concentration of ESHs in DSE treatment systems, and therefore, the mass of
these endocrine disrupting chemicals being discharged to land via sludge and

effluent re-use.

This study assessed and validated the performance of a new commercial enzyme
reagent (BGS™) to deconjugate sulphate and glucuronide ESH conjugates in
samples from a DSE treatment system, for analysis by GC-MS. Optimal
performance of a new commercial enzyme for deconjugation was achieved using
a BGS™ recombinant enzyme volume of 100 pL, incubating at 53°C for 45

minutes. Recoveries were similar to the H. pomatia glucuronidase enzyme
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commonly used to analyse conjugated ESHs in animal waste. However, it was
necessary to reverse the commonly used sequence of solvolysis followed by
enzymatic hydrolysis because of the influence of residual acidity from solvolysis
upon the BGS™ enzyme.

e The total free and conjugated ESHs concentration and load in the DSE showed
variations throughout the year, with the highest concentration and daily loads
observed in April and July (7707 and 7718 ng/L and 174 and 233 mg/d
respectively), and the lowest concentration and loads in August, October, and
November (2460, 741 and 2595 ng/L and 131, 28, and 131 mg/d respectively).
These variations align with changes in DSE volume, influenced by milking
activity and cow pregnancy. The annual mean free and conjugated ESHs
concentration and daily load were 4420 ng/L and 116 mg/d, while the conjugated
ESHs accounted for 5.45 % of the total DSE load, equivalent to 7.60 mg/d and
concentration of 251 ng/L.

e Conjugated ESHs were found in both dissolved and solid phases of the CAP
effluent and sludge, indicating their persistence and potential to reach surface and
groundwater when agricultural waste and effluent is applied to land due to their
preferential partitioning into aqueous solutions. Ignoring the significance and fate
of conjugated ESHs within DSE and dairy effluent treatment systems can result
in underestimating the performance of the treatment system in removing ESHs
and the potential impact of this agricultural waste stream on the environment upon
recycling to pasture as these compounds are significantly more mobile than their
corresponding free forms and can contaminate surface and groundwater when
agricultural waste and effluent is applied to land.

e CAP treatment reduces the contribution of certain ESHSs to overall estrogenicity
while increasing others. 17a-E2 is transformed to the more persistent E1 in the
CAP decreasing the estrogenicity of the CAP sludge and effluent. However,
regardless of the conversion of 17a-E2 to E1, the overall estrogenicity calculated

for the effluent of sludge samples is dominated by the presence of 17B-E2.

e Powdered biochar derived from radiata pine woodchip (pyrolysed at a temperature
of approximately 750 °C) added at a mass of 1 mg per litre, demonstrates high
(84 - 99 %) removal of the targeted 17a-E2, 17B-E2, and E1 from aqueous

solutions within 6 hours.
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Powdered biochar with a mass range of 100 to 1000 mg was added to a litre of
DSE resulting in the removal of up to 96 % of 17a-E2, 65 % of 17p-E2, 78 % of
El, and 91 % of total ESHSs, through adsorption. The Modified Freundlich
Isotherm, using two coupled Freundlich equations, provided the best fit (R?=0.60
- 0.99 %) for modelling the adsorption of ESHs to powdered biochar. This
suggested that a significant interaction between the dissolved organic content and
the ESHs is occurring, primarily due to the higher concentration of dissolved
organic matter compared to the powdered biochar and the strong affinity of ESHs
for organic matter. Despite this strong interaction, the adsorption of ESHs to the
powdered biochar was favoured over the adsorption to the dissolved organic
matter present in the dairy shed effluent. Specifically, at lower concentrations,
only 17B-E2 showed a tendency initially to associate with organic matter and
subsequently adsorb to the powdered biochar. In contrast, 17a-E2 and E1 were
more likely to adsorb directly to the powdered biochar rather than associating with
the organic matter in the dairy shed effluent.

A model was built to simulate the performance of the CAP in removing ESHs and
better understand the fate of the ESHSs in the covered anaerobic system. The
calibration results of the CAP model demonstrated a high level of accuracy, with
R? values ranging from 98.4 % to 100 % for the solids and ESHs datasets. These
findings indicate that a CAP model can accurately simulate the fate and removal
of ESHs.

Model simulations show the addition of biochar to the system effectively
facilitated the removal of the ESHs from the dissolved phase to the solid phase,
causing them to settle into the sludge. This resulted in a significant decrease of
76 % in the concentration of free ESHs in the dissolved phase, while the levels of
dissolved phase conjugated ESHs remained unchanged. Consequently, the
reduction of free ESHs in the dissolved phase led to a proportional increase in the
concentration of free ESHSs in the solid phase of the sludge. Comparatively, the
sludge without biochar contained a total of 14,578 mg of ESHs, whereas the
sludge with biochar contained 19,150 mg. Considering an annual sludge removal
volume of 479 m?3, the corresponding concentrations of total ESHs were measured
at 30.4 mg/m? without biochar and 40.0 mg/m?® with biochar.

Model simulations also showed operational factors, such as flow rates and sludge
accumulation, affected the ESH removal performance of the CAP system and

176



Chapter 7: Conclusions and Recommendations

7.2

therefore the estrogenicity of the effluent and sludge. Increasing the volume and
depth of the CAP improved removal efficiency and estrogenicity reduction.
Increasing the CAP volume and depth allowed for higher retention time and
reduced sludge carry-over and resulted in a 19 % reduction in the total ESHs load
of the effluent, with concentrations of 1.31 ng/L (no biochar) and 1.06 ng/L (with
biochar). The improved CAP system modelled enhanced removal performance,
with effluent versus influent removal percentages increasing to 67.9 % and 73.0
%, and estrogenicity reduction improving to 70.4 % and 73.5 % without and with
the use of the biochar respectively.

This study highlights the need for careful design and operation of DSE treatment

systems to address ESH contamination and potency.
Recommendations for future research

The difficulty of analysing free and conjugated ESHs in complex matrices such
as DSE has contributed to the limited number of studies investigating their fate
within animal wastes and treatment systems. The use of GC-MS for analysing free
and conjugated ESHs is limited due to challenges associated with the costly,
complex and laborious multi-step cleaning, extraction and deconjugation process.
In terms of conjugated ESHs, LC-MS-MS offers the advantage of directly
analysing the different forms of conjugated ESHSs, eliminating the need for
deconjugation and derivatisation procedures, and allowing simultaneous analysis
of free and conjugated ESHs and therefore it is the preferred method for future
analysis of ESHs.

Adsorption of organic contaminants and ESHs within raw municipal and/or
agricultural wastewater is not a common treatment method. Adsorption is
typically used as a polishing step to ensure maximum adsorption and cost
effectiveness. However, in the dairy agricultural environment, dosing DSE with
biochar can have many benefits, particularly before it enters the anaerobic
digestion system. These benefits might include, improved anaerobic digestion
treatment performance, including biogas production and, when the effluent and
sludge containing biochar are applied to land, improved soil properties, increased
crop yields and reduced greenhouse gas emissions. All these benefits, in addition
to ESHs removal capabilities, make the use of biochar in the dairy farm effluent

treatment system an attractive option. Further research is required to determine
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the impact of adding biochar to a dairy farm effluent anaerobic digestion system
on methane generation.

e Assumption of constant values for volumetric flow, influent concentration,
microbial activity, and plug flow throughout the year were used in the calibration
process of the CAP model. In reality, these parameters can vary due to factors like
milking season, feed composition, rainfall, and wash water usage. Furthermore,
the methanogenic activity in the pond is influenced by temperature, which
depends on atmospheric, ground, and incoming effluent temperatures. These
variations were not considered in the model. While the effects of these parameters
could be explored in the laboratory, it would require large-scale equipment due to
the volume of liquid sample (1-2 L) needed to detect the ESHs. This could
potentially necessitate a 60 L reactor with daily feeding using a substrate
containing controlled ESH concentrations, assuming they are within a similar
range as observed in Chapter 2.

e The CAP model used in this study did not account for flow hydraulics, as the pond
was covered, making it challenging to determine. While a tracer method could
potentially provide information on hydraulics through mean residence time and
tracer profile, the long residence time of the liquid (up to 60 days) made it
impractical to measure using this approach. The flow hydraulics could also have
an impact on the distribution of solids and ESHs in the sludge, with the ESHs
primarily found where the solids have settled.

e This study assumed that the ESHs adsorbed onto the powdered biochar in the
sump would remain adsorbed throughout their retention in the CAP system. To
confirm the validity of this assumption, it is recommended to conduct a desorption
trial under anaerobic conditions, mimicking the actual conditions within the CAP
system, for a duration of up to 60 days. This trial would yield valuable insights
into the stability of ESHs adsorption onto biochar and assess the potential for
desorption and subsequent release of these substances over time. By investigating
the long-term behaviour of ESHs adsorption onto biochar, a better understanding
of the reliability and effectiveness of using biochar as an adsorbent in the CAP
system can be gained. Additionally, it would provide insights into the conversion
of ESHs to E1 while sorbed to the biochar compared to the sludge, further
enhancing the comprehension of the overall process.
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This study focussed primarily on the adsorption capacity of the sludge and biochar
and its potential use as an ESH sink in the anaerobic treatment system. However,
the fate and behaviour of ESHs adsorbed onto the sludge and biochar mixture in
terms of biological degradation, remain unexplored. To address this limitation,
further research should be conducted to determine the extent of biological
degradation and adsorption processes for ESHs adsorbed onto the sludge and
biochar mixture under anaerobic conditions. This can be achieved through
controlled laboratory experiments or pilot-scale studies that simulate the
anaerobic conditions of the treatment system. By investigating the biological
degradation of ESHs in the sludge-biochar mixture, a comprehensive

understanding of the overall fate and removal mechanisms can be obtained.
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Appendices

A.1 Physical, Inorganic and organic chemical parameters (supporting

information Section 2.3.1)

Table A-1: Physical and organic properties of DSE samples

INFLUENT
Parameter  Units Mar Apr July Aug Oct Nov
pH 7.22 8.24 7.18 7.36 N.AA 8.16
Temp °C 19.1 18.0 13.0 11.6 N.A 18.0
TS mg/L N.A 5200 N.A 8700 6200 7700
VTS mg/L N.A 3200 N.A 5200 3300 5000
POMB % 83.4 81.0 76.5 73.2 77.6 79.7
POC® % 45.0 438 413 39.5 41.9 43.0
SLUDGE
pH 6.88 6.90 6.88 6.98 N.A 7.03
Temp °C 30.9 21.6 142 131 N.A 18.8
TS mg/L 76039 N.A N.A N.A N.A 88000
VTS mg/L 38380 N.A N.A N.A N.A N.A
POM % 58.2 48.2 59.8 60.1 61.2 65.5
POC % 314 26.0 323 324 33.0 354
EFFLUENT
pH 7.53 6.87 6.72 6.71 N.A 6.88
Temp °C 20.2 18.7 11.9 124 N.A 18.0
TS mg/L N.A 4000 N.A N.A N.A 2900
VTS mg/L N.A 1360 N.A N.A N.A 1180
POM % N.A 34.0 60.6 63.7 60.9 40.7
POC % N.A 184 32.7 34.4 32.9 22.0

AN.A = Not available. B Particulate organic matter. © Particulate organic carbon.
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A.2 Concentration of ESHs in the dissolved and solids phases
(supporting information Section 2.3.4)
Table A-2: Mass of ESHs (ng) in the dissolved and solids phases of 1L of sample
March April July
DSE/CAP INFLUENT
Dissolved Solid® Total Dissolved Solid Total Dissolved Solid Total
170-E2 1610 2147 3757 2869 2869 5738 1065 4789 5854
17B-E2 233 424 657 242 348 590 108 441 549
El 282 496 778 415 412 827 106 753 859
YESHSs 2125 3067 5192 3526 3629 7155 1279 5983 7262
CAP SLUDGE
Dissolved Solid  Total Dissolved Solid Total Dissolved Solid Total
170-E2 38.9 2074 2113 338 2028 2062 24.2 3109 3133
17B-E2 55.3 4182 4237 46.4 3805 3851 343 6193 6227
El 881 61528 62409 835 84948 85783 581 71570 72151
YESHs 975 67784 68759 915 90781 91696 640 80872 81511
CAP EFFLUENT
Dissolved Solid  Total Dissolved Solid Total Dissolved Solid Total
170-E2 3.50 9.04 12.5 106 100 206 782 1907 2689
17B-E2 3.11 12.9 16.0 65.3 96.2 162 142 419 561
El 68.7 90.7 160 1098 1476 2574 682 3258 3940
SESHs 75.3 113 189 1269 1672 2941 1606 5584 7190
August October November
DSE/CAP INFLUENT
Dissolved Solid  Total Dissolved Solid Total Dissolved Solid Total
170-E2 243 1212 1455 28.6 195 224 21.7 166 188
17B-E2 147 116 131 7.04 115 122 151 170 185
El 43.8 619 663 5.19 320 325 68.3 2057 2125
SESHs 302 1947 2249 40.8 630 671 105 2393 2498
CAP SLUDGE
Dissolved Solid  Total Dissolved Solid Total Dissolved Solid Total
170-E2 27.0 2640 2667 35.3 2816 2851 214 2731 2752
17B-E2 335 5759 5792 64.9 6947 7012 43.1 6381 6424
El 561 66711 67272 771 116124 116895 628 107348 107976
YESHSs 622 75110 75731 871 125887 126758 693 116460 117152
CAP EFFLUENT
Dissolved Solid  Total Dissolved Solid Total Dissolved Solid Total
170-E2 416 1047 1463 208 433 641 84.5 239 324
17B-E2 142 503 645 69.0 334 403 11.3 106 117
El 756 2379 3135 1011 4074 5085 43.7 3901 3945
YESHSs 1314 3929 5243 1288 4841 6129 140 4246 4386

Ang of ESHs in solids of 1L of sample calculated by ng ESH /g solids x gm solid/L sample = ng ESH/L
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A.3 Statistical summary of the mass of ESHs (ng) in the dissolved and solids phases of 1L of sample for the months of

March to November (supporting information Section 2.3.4)

Table A-3: Statistical summary of the mass of ESHSs (ng) in the dissolved and solids phases of 1L of sample for the months of March to November

INFLUENT
Dissolved Solids Total
mean SDev Median Min Max mean SDev  Median Min Max mean SDev Median Min Max
170-E2 973 1126 654 21.7 2869 1896 1774 1680 166 4789 2869 2612 2606 188 5854
17p-E2 103 110 62 7.04 242 269 153 259 115 441 372 251 367 122 657
El 153 160 87 5.19 415 776 646 558 320 2057 930 617 803 325 2125
SESHs 1230 1387 791 40.8 3526 2942 1810 2730 630 5983 4171 2766 3845 671 7262
SLUDGE
Dissolved Solids Total
mean SDev Median Min Max mean SDev Median Min Max mean SDev Median Min Max
170-E2 30.1 7 30.4 214 389 2566 429 2686 2028 3109 2596 425 2710 2062 3133
17B-E2 46.3 12 44.8 335 649 5545 1266 5976 3805 6947 5591 1266 6010 3851 7012
El 710 137 700 561 881 84705 22510 78259 61528 116124 85414 22514 78967 62409 116895
XESHs 786 153 782 621 975 92816 23408 85827 67784 125887 93601 23411 86604 68759 126758
EFFLUENT
Dissolved Solids Total
mean SDev Median Min Max mean  SDev  Median Min Max mean SDev Median Min Max
170-E2 267 290 157 3.50 782 623 730 336 9.04 1907 889 1018 483 125 2689
17B-E2 72.1 61 67.2 3.11 142 245 200 220 129 503 317 257 282 16.0 645
El 610 456 719 43.7 1098 2530 1541 2819 90.7 4074 3140 1689 3538 160 5085
YESHs 949 663 1279 753 1606 3398 2080 4088 113 5584 4346 2503 4815 189 7190
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A.4  Estrogenic equivalents of ESHSs in the dissolved and solids phases

(supporting information Section 2.3.9)

Table A-4: Estrogenic equivalents of ESHs in the dissolved and solids phases of 1L of sample

March April July
DSE/CAP INFLUENT

Dissolved Solid®  Total Dissolved Solid Total Dissolved Solid Total

170-E2 16.1 215 37.6 28.7 28.7 57.4 10.7 47.9 58.5
17B-E2 233 424 657 242 348 590 108 441 549
El 5.64 9.92 15.6 8.3 8.24 16.5 212 151 17.2
XESHSs 255 455 710 279 385 664 121 504 625

CAP SLUDGE

Dissolved Solid  Total Dissolved Solid Total Dissolved Solid Total

170-E2 0.39 20.7 211 0.34 20.3 20.6 0.24 311 313
17p-E2 55.3 4182 4237 46.4 3805 3851 343 6193 6227
El 17.6 1231 1248 16.7 1699 1716 11.6 1431 1443
YESHSs 73.3 5434 5506 63.4 5524 5588 46.1 7655 7702

CAP EFFLUENT

Dissolved  Solid  Total Dissolved Solid Total Dissolved Solid Total

170-E2 0.04 0.09 0.13 1.06 1.00 2.06 7.82 19.1 26.9
17B-E2 3.1 12.9 16.0 65.3 96.2 162 142 419 561
El 1.37 1.81 3.19 21.7 295 515 13.6 65.2 78.8
ZESHSs 4.52 14.8 19.3 88.1 127 215 163 503 667

August October November
DSE/CAP INFLUENT

Dissolved Solid  Total Dissolved Solid Total Dissolved Solid Total

170-E2 243 121 145 0.259 1.95 2.24 0.22 1.66 1.88
17B-E2 14.7 116 131 7.04 115 122 151 170 185
El 0.88 124 13.3 0.10 6.40 6.50 1.37 41.1 42.5
YESHs 18.0 141 159 7.43 123 131 16.7 213 229

CAP SLUDGE

Dissolved  Solid  Total Dissolved Solid Total Dissolved Solid Total

170-E2 0.27 26.4 26.7 0.35 28.2 29.0 0.21 27.3 28.0
17B-E2 335 5759 5793 64.9 6947 7012 43.1 6381 6424
El 11.2 1334 1345 154 2323 2338 12.6 2147 2160
YESHs 45.0 7119 7165 80.7 9298 9379 55.9 8555 8612

CAP EFFLUENT

Dissolved Solid  Total Dissolved Solid Total Dissolved Solid Total

170-E2 4.16 10.47 14.6 2.08 4.33 6.41 0.85 2.39 3.24
17B-E2 142 503 645 69.0 334 403 11.3 106 117
El 151 47.6 62.7 20.2 81.5 102 0.87 78.0 78.9
YESHSs 161 561 722 91.3 420 511 13.0 186 199

AEEQs of ESHs in solids of 1L of sample calculated by ng ESH /g solids x gm solid/L sample = ng ESH
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A.5 Kura Biotec BGS™ Hydrolysis Protocol (supporting information

Section 3.

2.4)

€ KurA

BGS™ HYDROLYSIS STEPWISE
PROTOCOL

1.

Sk wWN

Optional: urine specdmen centrifugation, 5
minutes at 4°C at 20,000 = g.

Pipette 30 pL of wrine.

Add buffer + 1SDs + distilled water + enzyme
according to Table 2.

Mix gently but thoroughly.

Incubate 30 minutes at 45°C._

Proceed with prefermed quantification
Process.

TABLE 2. HYDROLYSIS MIX COMPCSITION

REFEREMNCES

1. Da Siva, K.. Kwan, R. and Rabbla, V.. & al (2016}
Poster Sireamiining Sampie Preparation with Second
Generation Enzymes. Presantad at Soclety of Forensic
Toxicologisis Conference, Inc. Wiew It here

2. Elzaonry Laboratories, inc., (2016). BETwoo
glucuronidass evalusation for the hydrolysis of modphine-
3-Glucoronide and codeine-5-Glucuronide at different
concentrations at 10 minuies and companson with EBG
and IMCZYME at different Incubation times. Evaluaton
carried out for Kura Blotes. WView It here

3. Shellinger, A. and Cam, P., {2004). Sclublity of Buffers
In Agueous—Organic EMuents for Reversed-Phase
Liguid Chromatograghy. View it hers

compound Voluma {pL)
Urina 30
Ingtant Buftar Il 30
Distilled wator 130
Internal Standards (10% MeOH) 30
BGs™ 30
TOTAL 300

NOTES

Figure A-1: BGS enzyme protocol (including an indicative method used as a base for the development of the DSE

The above protocol is based on an initial
volume of 30 pl of urine, however, the mix
could be adapted to amy required urime
volume by keeping the given proportions.

The mix should not exceed 1% wWv final
concentration of MeOH. Sulfatase activity
decreases if a higher MeOH concentration is
added to the mi.

It's important to keep a consistent enzyme-to-
urine ratio in order to achieve expected
recovenes within 30 minutes, not only in
spiked uring, but also in authentic specimens.

It's important to keep a urine dilution of at
least 10X, to preserve the activity of the
aryleulfatase, which iz strongly inhibited by
phosphates present in the urine.

conjugated ESHs method
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A.6 Optimisation of the deconjugation procedure (supporting information Section 3.3.1.1)

Table A-5: Recovery of parent 17p-E2 from Milli-Q-Water spiked with the glucuronide ESH conjugates PE2-3-G and BE2-17-G (spiked at 500 ng each) and the free estrogenic steroid surrogate
standard 13C6-E2 (spiked at 100 ng)

Trial Description Enzyme Enzyme Enzyme Milli-Q- BE2-3-G recovery BE2-17-G recovery
Incubation Incubation Water/Buffer
time” temperature® lenzyme
volume®
Parent 17-E2 13C6-E2 Parent 17-E2 13C6-E2
1 Enzymatic Hydrolysis BGS (50% 30 45 800/100/100  74.8 (4.17,n=2)°® 102 (3.25,n=2) 78.8 (0.78, n=2) 102 (1.41, n=2)
glycerol)
2 Enzymatic Hydrolysis BGS (50% 45 45 240/50/50 85.4 (1.20,n=2) 101 (1.41,n=2) 87.9(2.94,n=2) 97.4 (3.37,n=2)
glycerol)
3 Enzymatic Hydrolysis BGS (50% 45 45 240/100/100 81.1(3.25,n=2)  92.6 (1.56,n=2) 91.5 (7.10, n=2) 97.7 (9.91, n=2)
glycerol)
4 Enzymatic Hydrolysis BGS (50% 45 45 240/150/150 87.0 (0.28, n=2) 99.4 (0.28,n=2)  90.3 (2.05, n=2) 102 (5.09, n=2)
glycerol)
5 Enzymatic Hydrolysis BGS (10% 45 53 240/100/100 57.0(31.3,n=4)  67.9(27.8,n=4) 60.6 (23.6, n=4) 73.2 (24.6, n=4)
glycerol)
6 Solvolysis (using 8 mL N/AF N/A N/A N/A N/A N/A N/A N/A
tube)E
7 Solvolysis (using 1 mL N/A N/A N/A N/A N/A N/A N/A N/A
vial)E
8 Solvolysis followed by BGS (10% 45 53 240/100/100 36.3(6.79,n=2)  54.0(6.51,n=2) 44.4(8.27,n=2) 36.9 (6.08, n=2)
Enzymatic Hydrolysis glycerol)
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9 Solvolysis followed by BGS (10% 180 53 240/100/100 11.0 (9.64, n=2) 35.7(5.09,n=2) 14.4 (0.66, n=2) 13.4 (2.23,n=2)
Enzymatic Hydrolysis glycerol)

10 Solvolysis followed by BGS (10% 1440 53 240/100/100 12.0 (2.33,n=2) 65.1(38.9,n=2) 9.80 (2.84, n=2) 10.1 (0.90, n=2)
Enzymatic Hydrolysis glycerol)

11 Enzymatic Hydrolysis BGS (10% 45 53 240/100/100 76.1 (N/A,n=1)  82.7 (N/A,n=1) 67.9 (9.90, n=2) 74.1 (16.8, n=2)
followed solvolysis glycerol)

12 Solvolysis followed by Helix P (Type 180 55 400/5000/30 67.7 (1.22, n=3) 83.0(1.65,n=3) 62.2 (2.72,n=3) 78.9 (3.00, n=3)
Enzymatic Hydrolysis HP-2)

Aexpressed as minutes. B expressed as °C. © expressed as L. P mean recovery value expressed as % (standard deviation, number of samples). & Chemical solvolysis of glucuronidated ESHs was not
assessed. 7 not applicable. Note: The solvolysis and Helix P enzymatic hydrolysis were completed based on previous studies performed by Labadie and Budzinski (2005a). The BGS™ enzymatic
hydrolysis was performed based on J. L. Callejas (2019).
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Table A-6: Recovery of parent 17B-E2 and E1 from Milli-Q-Water spiked with the sulphate ESH conjugates BE2-3,17-diS and E1-3-S (spiked at 500 ng each), and the free estrogenic steroid
surrogate standards 3C6-E2 and 3C6-E1(spiked at 100 ng each)

Trial Description Enzyme Enzyme Enzyme Milli-Q- BE2-3,17-diS E1-3-S
Incubation Incubation ~ Water/Buffer
time” temperatureB /enzyme
volume®
Parent 17-E2 13C6-E2 Parent E1 13C6-E1
1 Enzymatic Hydrolysis BGS (50% glycerol) 30 45 800/100/100  2.17 (1.25, n=2)P 104 (6.29, n=2) 45.0 (0.92, n=2) 104 (0.71, n=2)
2 Enzymatic Hydrolysis BGS (50% glycerol) 45 45 240/50/50 121 (4.24,n=2) 101 (2.19, n=2) 26.9 (1.63, n=2) 103 (3.00, n=2)
3 Enzymatic Hydrolysis BGS (50% glycerol) 45 45 240/100/100 109 (10.34, n=2) 92.1 (3.05, n=2) 27.5(2.75, n=2) 99.8 (0.10, n=2)
4 Enzymatic Hydrolysis BGS (50% glycerol) 45 45 240/150/150 116 (9.90, n=2) 92.8 (0.64, n=2) 31.1(0.37,n=2) 102 (4.00, n=2)
5 Enzymatic Hydrolysis BGS (10% glycerol) 45 53 240/100/100 0.38 (0.37, n=4) 68.1 (17.5, n=4) 33.8 (12.4, n=4) 72.9 (17.4,n=4)
6 Solvolysis (using 8 mL N/AF N/A N/A N/A 42.4 (1.70, n=2) 107 (2.12, n=2) 44.3 (3.54, n=2) 104 (4.24, n=2)
tube)E
7 Solvolysis (using 1 mL N/A N/A N/A N/A 112 (0.71, n=2) 90.4 (4.17, n=2) N/A N/A
vial)E
8 Solvolysis followed by BGS (10% glycerol) 45 53 240/100/100 34.7 (3.04, n=2) 59.5 (0.92, n=2) 50.6 (1.20, n=2) 116 (2.12, n=2)
Enzymatic Hydrolysis
9 Solvolysis followed by BGS (10% glycerol) 180 53 240/100/100 39.4 (27.3,n=2) 53.5(17.1, n=2) 39.5 (0.60, n=2) 69.6 (10.4, n=2)
Enzymatic Hydrolysis
10 Solvolysis followed by BGS (10% glycerol) 1440 53 240/100/100 9.17 (0.35, n=2) 34.8 (0.31, n=2) N/A N/A
Enzymatic Hydrolysis
11 Enzymatic Hydrolysis BGS (10% glycerol) 45 53 240/100/100 36.7 (N/A, n=1) 91.2 (N/A, n=1) 48.5 (10.7, n=4) 103 (30.1, n=4)
followed solvolysis
12 Solvolysis followed by Helix P (Type HP- 180 55 400/5000/30 29.8 (7.37, n=6) 86.4 (3.25, n=6) 40.6 (3.41, n=6) 84.3 (6.69, n=6)

Enzymatic Hydrolysis

2)
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Aexpressed as minutes. B expressed as °C. © expressed as L. P mean recovery value expressed as % (standard deviation, number of samples). E Chemical solvolysis of glucuronidated ESHs was not assessed.
F not applicable. Note: The solvolysis and Helix P enzymatic hydrolysis were completed based on previous studies performed by Labadie and Budzinski (2005a). The BGS™ enzymatic hydrolysis was
performed based on J. L. Callejas (2019).
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A.7 Concentration of conjugated ESHSs in the dissolved and solid phases

(supporting information Section 3.3.2.2)

Table A-7: Mass of conjugated ESHSs (ng) in the dissolved and solid phases of 1L of sample

March April July
DSE/CAP INFLUENT
>conj Dissolved®  Solid® Total Dissolved Solid Total Dissolved Solid Total
170-E2 86.8 204 107 89.1 257 346 743 240 314
17B-E2 N.D® N.D N.D 6.56 62.6 69.1 30.5 56.9 87.4
El N.D N.D N.D 137 N.D 137 N.D 63.7 63.7
YESHSs 86.8 20.4 107 233 320 552 105 360 465
CAP SLUDGE
>conj Dissolved Solid Total Dissolved Solid Total Dissolved Solid Total
170-E2 N.D N.D N.D N.D N.D N.D N.D 19.7 19.7
17B-E2 N.D 1284 1284 N.D 208 208 N.D 860 860
E1l N.D N.D N.D N.D N.D N.D N.D 1626 1626
YESHs N.D 1284 1284 N.D 208 208 N.D 2505 2505
CAP EFFLUENT
conj Dissolved Solid Total Dissolved Solid Total Dissolved Solid Total
17a-E2 N.D N.D N.D N.D N.D N.D 40.2 35.3 75.5
17B-E2 N.D N.D N.D N.D N.D N.D N.D 17.9 17.9
El N.D N.D N.D N.D N.D N.D N.D N.D N.D
YESHSs N.D N.D N.D N.D N.D N.D 40.2 53.2 934
August October November
DSE/CAP INFLUENT
>conj Dissolved Solid Total Dissolved Solid Total Dissolved Solid Total
170-E2 337 79.2 113 22.6 N.D 22.6 26.6 12.2 38.8
17B-E2 67.4 31.0 98.4 40.1 N.D 40.1 51.6 N.D 51.6
E1l N.D N.D N.D 7.12 N.D 7.12 6.78 N.D 6.78
SESHs 101 110 211 69.8 N.D 69.8 84.9 12.2 97.1
CAP SLUDGE
>conj Dissolved Solid Total Dissolved Solid Total Dissolved Solid Total
170-E2 N.D 1241 1241 N.D N.D N.D N.D N.D N.D
17p-E2 16.0 131 147 17.6 223 241 6.27 208 214
El N.D N.D N.D N.D N.D N.D N.D N.D N.D
YESHSs 16.0 1372 1388 17.6 223 241 6.27 208 214
CAP EFFLUENT
>conj Dissolved Solid Total Dissolved Solid Total Dissolved Solid Total
17a-E2 30.1 27.6 57.7 48.8 N.D 48.8 37.0 N.D 37.0
17B-E2 N.D 16.9 16.9 8.75 N.D 8.75 9.00 N.D 9.00
El 141 204 161 N.D N.D N.D N.D N.D N.D
YESHSs 170 65.0 236 57.6 N.D 57.6 46.0 N.D 46.0

Avalues are expressed as ng/L. Bng of conjugated ESHs in solids of 1L of sample calculated by ng conjugated ESH /g solids x

gm solid/L sample = ng conjugated ESH/L. © not detected
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Table A-8: Statistical summary of the mass of conjugated ESHs (ng) in the dissolved and solid phases of 1L of sample for the months of March to November

DSE/CAP INFLUENT

Dissolved Solids Total
>conj Mean® Sdev® Median Min Max Mean Sdev = Median Min Max Mean Sdev Median Min Max
170-E2 55.5 31.2 54.0 22.6 89.1 101 117 49.8 N.D 257 157 139 110 22.6 346
17B-E2 32.7 26.0 35.3 N.D¢ 67.4 25.1 29.5 155 N.D 62.6 57.8 24.2 69.1 N.D 98.4
El 25.2 54.9 3.39 N.D 137 10.6 26.0 N.D N.D 63.7 35.8 61.7 354 N.D 137
YESHs 113 59.8 94.0 69.8 233 137 162 65.3 N.D 360 250 207 159 69.8 552

CAP SLUDGE

Dissolved Solids Total
Xconj Mean Sdev Median Min Max Mean  Sdev  Median Min Max Mean Sdev Median Min Max
170-E2 N.D N.D N.D N.D ND 210 505 N.D N.D 1241 210 864 630 N.D 1241
17B-E2 6.65 8.25 3.14 N.D 17.6 486 475 215 131 1284 492 469.6 228 147 1284
El N.D N.D N.D N.D N.D 271 664 N.D N.D 1626 271 N.D 1626 N.D 1626
YESHSs 6.65 8.25 3.14 N.D 17.6 967 931 754 208 2505 973 929 763 208 2505

CAP EFFLUENT

Dissolved Solids Total
Xconj Mean Sdev Median Min Max Mean  Sdev  Median Min Max Mean Sdev Median Min Max
170-E2 26.0 21.0 335 N.D 48.8 105 16.4 N.D N.D 35.3 36.5 16 53.3 N.D 75.5
17B-E2 2.96 4.58 N.D N.D 9.00 5.81 9.00 N.D N.D 17.9 8.80 4.9 13.0 N.D 17.9
El 235 57.5 N.D N.D 141 3.40 8.34 N.D N.D 20.4 27.0 N.D 161 N.D 161
YESHSs 52.5 62.9 43.1 N.D 171 19.7 30.7 N.D N.D 65.0 72.0 88 75.5 N.D 236

Avalues are expressed as ng/L. B standard deviation. © not detected
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A.8 Contribution of conjugated ESHs to the dissolved and solid phases ESH load within a CAP influent, sludge and
effluent (supporting information Section 3.3.4)

Table A-9: Concentration of conjugated and free ESHs measured in the dissolved and solid phases of raw influent, sludge and effluent of the CAP system (March and April)

March April
DSE/CAP INFLUENT
Dissolved Phase ESHs Solids Phase ESHs Total® ESHs Dissolved Phase ESHs Solids Phase ESHs Total ESHs
=ConjB Free 2Conj Free 2Conj Free 2Conj Free 2Conj Free ¥Conj Free
17a-E2 86.8¢ 1610 204 2147 107 3757 89.1 2869 257 2869 346 5738
17B-E2 N.DP 233 N.D 424 N.D 657 6.56 242 62.6 348 69.1 590
El N.D 282 N.D 496 N.D 778 137 415 N.D 412 137 827
YESHSs 86.8 2125 204 3067 107 5192 233 3526 320 3629 552 7155
CAP SLUDGE
17a-E2 N.D 38.9 N.D 2074 N.D 2113 N.D 33.8 N.D 2028 N.D 2062
17B-E2 N.D 55.3 1284 4182 1284 4237 N.D 46.4 208 3805 208 3851
El N.D 881 N.D 61528 N.D 62409 N.D 835 N.D 84948 N.D 85783
YESHs N.D 975 1284 67784 1284 68759 N.D 915 208 90781 208 91696
CAP EFFLUENT
17a-E2 N.D 3.50 N.D 9.04 N.D 125 N.D 106 N.D 100 N.D 206
17B-E2 N.D 3.11 N.D 12.9 N.D 16.0 N.D 65.3 N.D 96.2 N.D 162
El N.D 68.7 N.D 90.7 N.D 160 N.D 1098 N.D 1476 N.D 2574
YESHSs N.D 75.3 N.D 113 N.D 189 N.D 1269 N.D 1672 N.D 2941

Acombined dissolved and solid phase. B=Conj = ZConjugated. © The measured concentration of conjugated ESHs in the corresponding phase of each sample (in ng/L). P not detected.
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Table A-10: Concentration of conjugated and free ESHs measured in the dissolved and solid phases of raw influent, sludge and effluent of the CAP system (July and August)

July August
DSE/CAP INFLUENT
Dissolved Phase ESHs Solids Phase ESHs Total® ESHs Dissolved Phase ESHs Solids Phase ESHs Total ESHs
ZConj® Free 2Conj Free 2Conj Free 2Conj Free XConj Free 2Conj Free
170-E2 74.3¢ 1065 240 4789 314 5854 33.7 243 79.2 1212 113 1455
17B-E2 30.5 108 56.9 441 87.4 549 67.4 14.7 31.0 116 98.4 131
El N.DP 106 63.9 753 63.7 859 N.D 43.8 N.D 619 N.D 663
ESHs 105 1279 360 5983 465 7262 101 302 110 1947 211 2249
CAP SLUDGE
170-E2 N.D 24.2 19.7 3109 19.7 3133 N.D 27.0 1241 2640 1241 2667
17p-E2 N.D 343 860 6193 860 6227 16.0 335 131 5759 147 5792
El N.D 581 1626 71570 1626 72151 N.D 561 N.D 66711 N.D 67272
ESHs N.D 640 2505 80872 2505 81511 16.0 622 1372 75110 1388 75731
CAP EFFLUENT
170-E2 40.2 782 353 1907 75.5 2689 30.1 416 27.3 1047 57.7 1463
17B-E2 N.D 142 17.9 419 17.9 561 N.D 142 16.9 503 16.9 645
El N.D 682 N.D 3258 N.D 3940 141 756 204 2379 161 3135
ESHSs 40.2 1606 53.2 5584 93.4 7190 170 1314 65.0 3929 236 5243

Acombined dissolved and solid phase. BXConj = ZConjugated. © The measured concentration of conjugated ESHs in the corresponding phase of each sample (in ng/L). P not detected.
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Table A-11: Concentration of conjugated and free ESHs measured in the dissolved and solid phases of raw influent, sludge and effluent of the CAP system (October and November)

October November
DSE/CAP INFLUENT
Dissolved Phase ESHs Solids Phase ESHs Total® ESHs Dissolved Phase ESHs Solids Phase ESHs Total ESHs
zConjB Free 2Conj Free 2Conj Free 2Conj Free 2Conj Free 2Conj Free
170-E2 22.6° 28.6 N.DP 195 22.6 224 26.6 21.7 12.2 166 38.8 188
17p-E2 40.1 7.04 N.D 115 40.1 122 51.6 151 N.D 170 51.6 185
El 7.12 5.19 N.D 320 7.12 325 6.78 68.3 N.D 2057 6.78 2125
ESHs 69.8 40.8 N.D 630 69.8 671 84.9 105 12.2 2393 97.1 2498
CAP SLUDGE
170-E2 N.D 353 N.D 2816 N.D 2851 N.D 214 N.D 2731 N.D 2752
17B-E2 17.6 64.9 223 6947 241 7012 6.27 43.1 208 6381 214 6424
El N.D 771 N.D 116124 N.D 116895 N.D 628 N.D 107348 N.D 107976
ESHs 17.6 871 223 125887 241 126758 6.27 693 208 116460 214 117152
CAP EFFLUENT
170-E2 48.8 208 N.D 433 48.8 641 37.0 84.5 N.D 239 37.0 324
17p-E2 8.75 69.0 N.D 334 8.75 403 9.00 11.3 N.D 106 9.00 117
El N.D 1011 N.D 4074 N.D 5085 N.D 43.7 N.D 3901 N.D 3945
ESHs 57.6 1288 N.D 4841 57.6 6129 46.0 140 N.D 4246 46.0 4386

Acombined dissolved and solid phase. BXConj = ZConjugated. © The measured concentration of conjugated ESHs in the corresponding phase of each sample (in ng/L). P not detected.
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Table A-12: Phase related contribution of conjugated ESHs to the dissolved and solid phases and total ESH load within a CAP influent, sludge and effluent (March-July)

March April July
DSE/CAP INFLUENT

>Conj” ESHs ZConj ESHs ZConj ESHs ZConj ESHs 2Conj ESHs ZConj ESHs XConj ESHs ZConj ESHs 2Conj ESHs
Dissolved Phase Solids Phase Total® Dissolved Phase Solids Phase Total Dissolved Phase Solids Phase Total
170-E2 5.12¢ 0.94 2,77 3.01 8.22 5.69 6.52 4.77 5.09
17p-E2 N.DP N.D N.D 2.64 15.3 10.5 220 114 13.7
El N.D N.D N.D 24.8 N.D 14.2 N.D 7.82 6.90
ESHs 3.92 0.66 2.02 6.20 8.10 7.16 7.59 5.68 6.02

CAP SLUDGE

¥Conj ESHs ¥Conj ESHs ¥Conj ESHs XConj ESHs ZConj ESHs XConj ESHs ¥Conj ESHs XConj ESHs ¥Conj ESHs
Dissolved Phase Solids Phase Total Dissolved Phase Solids Phase Total Dissolved Phase Solids Phase Total
170-E2 N.D N.D N.D N.D N.D N.D N.D 0.63 0.62
17B-E2 N.D 235 233 N.D 5.18 5.12 N.D 122 121
El N.D N.D N.D N.D N.D N.D N.D 2.22 2.20
ESHs N.D 1.86 1.83 N.D 0.23 0.23 N.D 3.00 2.98

CAP EFFLUENT

2Conj ESHs XConj ESHs 2Conj ESHs XConj ESHs XConj ESHs XConj ESHs XConj ESHs XConj ESHs XConj ESHs
Dissolved Phase Solids Phase Total Dissolved Phase Solids Phase Total Dissolved Phase Solids Phase Total
170-E2 N.D N.D N.D N.D N.D N.D 4.89 1.82 2.73
17B-E2 N.D N.D N.D N.D N.D N.D N.D 4.10 3.09
El N.D N.D N.D N.D N.D N.D N.D N.D N.D
ESHs N.D N.D N.D N.D N.D N.D 2.44 0.94 1.28

AXConj = Conjugated. B combined dissolved and solid phases. ¢ The phase related contribution of conjugated ESHs (in %). P not detected.
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Table A-13: Phase related contribution of conjugated ESHs to the dissolved and solid phases and total ESH load within a CAP influent, sludge and effluent (August-November)

August October November
DSE/CAP INFLUENT

>Conj” ESHs ZConj ESHs ZConj ESHs ZConj ESHs 2Conj ESHs ZConj ESHs XConj ESHs ZConj ESHs 2Conj ESHs
Dissolved Phase Solids Phase Total® Dissolved Phase Solids Phase Total Dissolved Phase Solids Phase Total
170-E2 12.2¢ 6.13 7.21 44.1 N.D 9.16 55.1 6.85 17.1
17p-E2 82.1 21.1 42.9 85.1 N.D 24.7 77.4 N.A 21.8
El N.DP N.D N.D 57.8 N.D 2.14 9.03 N.A 0.32
ESHSs 25.1 5.35 8.58 63.1 N.D 9.42 44.7 0.51 3.74

CAP SLUDGE

¥Conj ESHs ¥Conj ESHs ¥Conj ESHs XConj ESHs ZConj ESHs XConj ESHs ¥Conj ESHs XConj ESHs ¥Conj ESHs
Dissolved Phase Solids Phase Total Dissolved Phase Solids Phase Total Dissolved Phase Solids Phase Total
170-E2 N.D 320 31.8 N.D N.D N.D N.D N.D N.D
17B-E2 32.3 2.22 2.48 21.3 3.11 3.32 12.7 3.16 3.22
El N.D N.D N.D N.D N.D N.D N.D N.D N.D
ESHs 251 1.79 1.80 1.98 0.18 0.19 0.90 0.18 0.18

CAP EFFLUENT

2Conj ESHs XConj ESHs 2Conj ESHs XConj ESHs XConj ESHs XConj ESHs XConj ESHs XConj ESHs XConj ESHs
Dissolved Phase Solids Phase Total Dissolved Phase Solids Phase Total Dissolved Phase Solids Phase Total
170-E2 6.75 2.54 3.79 19.0 N.D 7.07 30.5 N.D 10.3
17B-E2 N.A 3.25 2.55 11.3 N.D 2.13 443 N.D 7.14
El 15.7 0.85 4.88 N.A N.D N.D N.D N.D N.D
ESHs 115 1.63 431 4.28 N.D 0.93 24.7 N.D 1.04

AXConj = Conjugated. B combined dissolved and solid phases. ¢ The phase related contribution of conjugated ESHs (in %). P not detected.
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Table A-14: Statistical summary of phase related contribution of conjugated ESHSs to the dissolved, solid and total phase ESH load within a CAP influent, sludge and effluent
DSE/CAP INFLUENT

Dissolved phase Solids Phase Total
>conj Mean Range” Median  Sdev B Mean Range” Median  Sdev B Mean Range” Median Sdev B
17a-E2 21.0 3.01-55.0 9.35 22.6 4.47 N.D-8.22 5.45 3.30 7.84 2.77-9.18 6.44 5.02
17B-E2 44.9 N.D-85.1 49.7 40.9 7.96 N.D-21.1 5.72 9.24 18.9 N.D-42.9 17.8 14.6
El 15.28 N.D-57.8 4.52 23.0 1.30 N.D-7.83 N.D 3.20 3.93 N.D-14.2 1.23 5.69
ESHSs 25.1 3.93-63.1 16.3 24.3 3.38 N.D-8.09 3.01 3.42 6.2 2.02-9.42 6.59 2.58
CAP SLUDGE
170-E2 N.D N.D N.D N.D 5.43 N.D-32.0 N.D 13.0 5.40 N.D-31.9 N.D 12.9
17p-E2 111 N.D-32.4 6.35 13.6 8.22 2.23-23.5 4.16 8.32 8.25 2.48-13.3 4.22 8.16
El N.D N.D N.D N.D 0.37 N.D-2.22 N.D 0.91 0.37 N.D-2.20 N.D 0.90
ESHs 0.90 N.D-2.52 0.45 1.11 121 0.18-3.00 1.01 119 1.20 0.18-2.98 1.01 1.18
CAP EFFLUENT
17a-E2 10.2 N.D-30.5 5.82 121 0.73 N.D-2.56 N.D 1.16 3.97 N.D-10.3 3.26 4.05
17B-E2 9.26 N.D-44.3 N.D 17.8 1.23 N.D-3.25 N.D 1.92 2.49 N.D-7.14 2.34 2.63
El 2.62 N.D-15.7 N.D 6.41 0.14 N.D-0.85 N.D 0.35 0.82 N.D-4.89 N.D 2.00
ESHs 7.17 N.D-24.8 3.36 9.62 0.43 N.D-1.62 N.D 0.70 1.26 N.D-4.31 0.98 1.59

Aminimum to maximum. Bstandard deviation. ¢ values are expressed as percentage (%). ° not detected as no conjugated ESHs was measured.
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A.9 Conjugated ESHs Implications (supporting information Section
3.3.5)

Table A-15: Estrogenic equivalents of conjugated ESHs in the dissolved and solids phases of 1L of sample

March April July
DSE/CAP INFLUENT

Dissolved Solid® Total Dissolved  Solid Total Dissolved Solid Total

17a-E2 0.87 0.20 1.01 0.89 2.57 3.46 0.74 24 3.14
17B-E2 N.DB N.D N.D 6.56 62.6 69.1 305 56.9 87.4
El N.D N.D N.D N.D N.D N.D N.D 127 1.27
YESHSs 0.87 0.20 1.01 7.45 65.2 72.6 31.24 60.6 91.8

CAP SLUDGE

Dissolved Solid Total Dissolved  Solid  Total Dissolved  Solid Total

17a-E2 N.D N.D N.D N.D N.D N.D N.D 0.20 0.20
17B-E2 N.D 1284 1284 N.D 208 208 N.D 860 860
El N.D N.D N.D N.D N.D N.D N.D 325 325
YESHSs N.D 1284 1248 N.D 208 208 N.D 893 893

CAP EFFLUENT

Dissolved Solid Total Dissolved  Solid  Total Dissolved  Solid Total

17a-E2 N.D N.D N.D N.D N.D N.D 0.40 0.35 0.76
17B-E2 N.D N.D N.D N.D N.D N.D N.D 17.9 17.9
El N.D N.D N.D N.D N.D N.D N.D N.D N.D
YESHs N.D N.D N.D N.D N.D N.D 0.40 18.3 18.7

August October November
DSE/CAP INFLUENT

Dissolved Solid Total Dissolved  Solid  Total Dissolved  Solid Total

17a-E2 0.34 0.79 1.13 0.23 N.D 0.23 0.27 0.12 0.39
17B-E2 67.4 31.0 98.4 40.1 N.D 40.1 51.6 N.D 51.6
El N.D N.D N.D 0.14 N.D 0.14 0.14 N.D 0.14
SESHs 67.7 318 995 40.5 N.D 40.5 52.0 0.12 52.1

CAP SLUDGE

Dissolved Solid  Total Dissolved  Solid Total Dissolved Solid Total

17a-E2 N.D 124 124 N.D N.D N.D N.D N.D N.D
17B-E2 16.0 131 147 17.6 223 241 6.27 208 214
El N.D N.D N.D N.D N.D N.D N.D N.D N.D
YESHSs 16.0 143 159 17.6 223 241 6.27 208 214

CAP EFFLUENT

Dissolved Solid Total Dissolved  Solid  Total Dissolved  Solid Total

17a-E2 0.30 0.28 0.58 0.50 N.D 0.50 0.37 N.D 0.37
17B-E2 N.D 16.9 16.9 8.75 N.D 8.75 9.00 N.D 9.00
El 2.82 0.41 3.23 N.D N.D N.D N.D N.D N.D
YESHSs 3.12 17.6 10.7 9.24 N.D 9.24 9.37 N.D 9.37

AEEQs of conjugated ESHs in solids of 1L of sample calculated by ng ESH /g solids x gm solid/L sample = ng
conjugated ESH/L. B not detected
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A.10 Adsorption Kinetics (supporting information Section 4.6.4)

Table A-16: Adsorption kinetic of target 17a-E2, triplicate samples spiked at nominal concentration of ~2,500
ng/mL (50 mL CaCl2) into a fix biochar mass (1 mg + 0.08 mg) at pH = 7 £0.2 and temperature = 20°C+ 2°C

17a-E2
Time A Solution concentration Powdered biochar ESH
Percentage adsorbed
(Cy concentration
0 2,931 (50.5)® N.CE N.C
0.5 1,732 (132) 39.2 (4.47)C 59,956 (4,383)P
1 1,300 (75.1) 49.9 (2.54) 80,461 (1,216)
2 857 (116) 70.4 (3.91) 99,697 (3,805)
3 772 (48.6) 71.6 (1.64) 106,193 (516)
6 517 (36.5) 82.0 (1.23) 119,900 (3,328)
9 397 (37.2) 86.4 (1.26) 125,890 (1,405)
12 203 (29.1) 93.2 (0.98) 135,499 (3,953)
16 218 (34.7) 92.8 (1.17) 132,570 (3,662)
24 184 (72.5) 93.6 (2.45) 133,366 (1,089)

A Actual values expressed as hours, Bvalues are expressed as (mean (ng/mL) (SDev), € values are expressed
as (mean (%) (SDev), P values are expressed as (mean (ng/mg) (SDev), & not applicable as no biochar was
used.

Table A-17: Adsorption kinetic of target 17B-E2, triplicate samples spiked at nominal concentration of ~2,500
ng/mL (50 mL CaCl2) into a fix biochar mass (1 mg + 0.08 mg) at pH = 7 £0.2 and temperature = 20°C+ 2°C

17p-E2
Time A Solution concentration Powdered biochar ESH
Percentage adsorbed )

(Cy concentration
0 2,233 (55.3)B N.CE N.C
0.5 1,243 (22.7) 43.3 (0.95)¢ 49,322 (1,876)°
1 1,031 (44.2) 53.8 (1.86) 58,146 (3,388)
2 731 (41.9) 68.3 (1.76) 73,360 (4,459)
3 491 (27.4) 77.8 (1.15) 85,654 (2,731)
6 461 (38.4) 78.8 (1.61) 88,290 (3,175)
9 378 (21.7) 83.4 (0.91) 91,534 (2,774)
12 171 (23.3) 92.2 (0.98) 99,451 (3,787)
16 253 (54.1) 88.6 (2.27) 95,798 (3,009)
24 121 (24.9) 94.7 (1.05) 103,846 (1,705)

A Actual values expressed as hours, Bvalues are expressed as (mean (ng/mL) (SDev), € values are expressed
as (mean (%) (SDev), P values are expressed as (mean (ng/mg) (SDev), & not applicable as no biochar was
used.
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Table A-18: Adsorption kinetic of E1, triplicate samples spiked at nominal concentration of ~2,500 ng/mL (50
mL CacCl2) into a fix biochar mass (1 mg + 0.08 mg) at pH = 7 £0.2 and temperature = 20°C+ 2°C

El
Time A Solution concentration Powdered biochar ESH
Percentage adsorbed ]

(Cy) concentration
0 2,270 (61.9)® N.AE N.A
0.5 1,259 (140) 43.0 (5.85)°¢ 48,447 (6,000)°
1 888 (130) 59.8 (5.44) 68,181 (5,493)
2 569 (134) 74.3 (5.62) 82,570 (8,689)
3 465 (25.0) 78.1 (1.04) 88,727 (3,424)
6 65.2 (14.8) 96.9 (0.62) 107,353 (3,136)
9 164 (49.8) 92.4 (2.08) 101,555 (5,185)
12 110 (45.9) 95.2 (1.92) 104,498 (4,712)
16 92.7 (11.9) 95.7 (0.50) 104,994 (3,550)
24 137 (89.7) 93.7 (3.76) 103,507 (1,904)

A Actual values expressed as hours, Bvalues are expressed as (mean (ng/mL) (SDev), € values are expressed
as (mean (%) (SDev), P values are expressed as (mean (ng/mg) (SDev), E not applicable as no biochar was
used.

A.11 Adsorption isotherm (supporting information Section 4.6.5)

Table A-19: Adsorption isotherm of target 17a-E2, triplicate samples spiked at different concentration into fixed
biochar mass (1 mg + 0.09 mg) and time interval (24 hours)

17a-E2
Concentration A Solution equilibrium Powdered biochar ESH
) Percentage adsorbed )
concentration (Ce) concentration
1,434 23.0 (0.95)8 98.4 (0.07)¢ 68,942 (1,536)°
2,781 147 (37.1) 94.7 (1.33) 127,080 (1,098),
5,445 886 (283) 83.7 (5.19) 214,996 (2,243)
13,657 7,689 (289) 43.7 (2.12) 290,801 (17,248)
26,996 18,631 (386) 31.0 (1.43) 384,956 (19,716)
42,549 31,715 (438) 25.5 (1.03) 503,184 (15,071)
56,516 46,470 (954) 17.8 (1.69) 469,990 (45,854)

A Actual values expressed as ng/mL, Bvalues are expressed as (mean (ng/mL) (SDev), € values are expressed

as (mean (%) (SDev), Pvalues are expressed as (mean (ng/mg) (SDev).

214



Appendices

Table A-20: Adsorption isotherm of target 17B-E2, triplicate samples spiked at different
concentration into fixed biochar mass (1 mg + 0.09 mg) and time interval (24 hours)

17B-E2

Concentration # Solution equilibrium Powdered biochar ESH

Percentage adsorbed

concentration (Ce) concentration

1,206 13.1 (3.31)8 98.9 (0.27)C 58,322 (1,151)°

2,421 35.0 (8.59) 98.6 (0.36) 115,107 (2,996)

5,181 482 (45.9) 90.7 (0.89) 222,143 (14,023)
12,594 3,985 (338) 68.4 (2.69) 419,332 (18,771)
25,228 10,376 (329) 58.9 (1.30) 683,430 (17,284)
36,642 17,428 (632) 52.4 (1.72) 892,308 (28,765)
49,020 24,339 (939) 50.3 (1.92) 1,155,865 (87,149)

A Actual values expressed as ng/mL, Bvalues are expressed as (mean (ng/mL) (SDev), ¢ values are expressed
as (mean (%) (SDev), Pvalues are expressed as (mean (ng/mg) (SDev).

Table A-21: Adsorption isotherm of target E1, triplicate samples spiked at different concentration into
fixed biochar mass (1 mg £ 0.09 mg) and time interval (24 hours)

El

Concentration A Solution equilibrium Powdered biochar ESH

Percentage adsorbed

concentration (Ce) concentration

1,098 27.6 (1.34) 975 (0.12)C 51,799 (816)°

2,264 40.4 (7.61) 98.2 (0.34) 110,109 (1,231)
4577 654 (144) 85.7 (3.15) 192,901 (4,865)
11,849 3,933 (153) 66.8 (1.29) 383,061 (5,044)
23,362 14,181 (707) 39.3 (3.03) 443,205 (36,883)
36,783 23,850 (1,321) 35.2 (3.59) 625,176 (52,411)
44,716 36,070 (1,286) 19.3 (2.88) 424,860 (59,466)

A Actual values expressed as ng/mL, B values are expressed as (mean (ng/mL) (SDev), € values are expressed

as (mean (%) (SDev), P values are expressed as (mean (ng/mg) (SDev).
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A.12 Isotherm and kinetic modelling results (supporting information
Section 4.6.6)

Table A-22: Freundlich, Langmuir and Slips isotherm model results in comparison to the experimental data of
17a-E2 (biochar mass = 1 + 0.09 mg, pH = 7 0.2, Temperature = 20°C+ 2°C).

17a-E2
Concentration Experimental Freundlich model® Langmuir Sips model®
A data® model©
1,434 68,942 87,626 10,072 77,918
2,781 127,080 131,733 57,415 123,647
5,445 214,996 195,440 209,369 193,241
13,657 290,801 314,130 391,884 330,457
26,996 384,956 381,522 419,874 411,556
42,549 503,184 428,787 428,750 469,524
56,516 469,990 466,319 432,889 516,120

A Actual values expressed as ng/mL, B values are expressed as (mean (ng/mg), © values are expressed as
ng/mg.

Table A-23: Freundlich, Langmuir and Slips isotherm model results in comparison to the
experimental data of 17B-E2 (biochar mass = 1 + 0.09 mg, pH =7 +£0.2, Temperature = 20°C+ 2°C).

17p-E2
Concentration Experimental Freundlich model® Langmuir Sips model®
A data® model®
1,206 58,322 29,836 1,270 37,913
2,421 115,107 47,768 3,387 58,511
5,181 222,143 167,982 45,842 186,156
12,594 419,332 462,269 331,666 470,185
25,228 683,430 731,247 703,515 713,090
36,642 892,308 937,595 981,112 892,438
49,020 1,155,865 1,100,366 1,174,753 1,030,478

A Actual values expressed as ng/mL, B values are expressed as (mean (ng/mg), © values are expressed as
ng/mg.
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Table A-24: Freundlich, Langmuir and Slips isotherm model results in comparison to the experimental data of
E1 (biochar mass =1 + 0.09 mg, pH = 7 £0.2, Temperature = 20°C+ 2°C).

El
Concentration Experimental Freundlich model® Langmuir Sips model®
A data® model®
1,098 51,799 110,716 11,902 67,690
2,264 110,109 120,013 17,257 789,99
4,577 192,901 216,219 189,597 218,897
11,849 383,061 315,899 419,030 361,231
23,362 443,205 414,253 507,584 469,372
36,783 625,176 462,367 524,842 510,260
44,716 424,860 504,613 533,861 540,639

A Actual values expressed as ng/mL, B values are expressed as (mean (ng/mg), © values are expressed as
ng/mg.

Table A-25: Pseudo-first and second order kinetic models results in comparison to the experimental data of
170-E2 (biochar mass = 1 + 0.08 mg, pH = 7 £0.2, Temperature = 20°C+ 2°C).

17a-E2
Time A Experimental data® Pseudo-first-order Pseudo-second-order

model® model®
0 0 0 0
0.5 59,956 39,942 51,176
1 80,461 70,446 77,836
2 99,697 109,282 103,520
3 106,193 126,117 114,189
6 119,900 135,717 127,056
9 125,890 135,830 130,646
12 135,499 135,831 132,241
16 132,570 135,831 133,323
24 133,366 135,831 134,285

A Actual values expressed as hours, B values are expressed as (mean (ng/mg), € values are expressed as ng/mg.
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Table A-26: Pseudo-first and second order Kkinetic models results in comparison to the
experimental data of 178-E2 (biochar mass =1 +0.08 mg, pH =7 0.2, Temperature = 20°C+ 2°C).

17p-E2
Concentration Experimental data® Pseudo-first-order Pseudo-second-order

A model® model®
0 0 0 0
0.5 49,322 29,354 37,027
1 58,146 52,436 57,820
2 73,360 82,900 78,683
3 85,654 96,691 87,497
6 88,290 104,951 98,087
9 91,533 105,051 100,988
12 99,451 105,052 102,261
16 95,798 105,052 103,115
24 103,846 105,052 103,866

A Actual values expressed as hours, B values are expressed as (mean (ng/mg), © values are expressed as

ng/mg.

Table A-27: Pseudo-first and second order kinetic models results in comparison to the experimental data of E1
(biochar mass =1+ 0.08 mg, pH =7 £0.2, Temperature = 20°C+ 2°C).

El
Concentration  Experimental data® Pseudo-first-order Pseudo-second-order

A model® model®
0 0 0 0
05 48,447 41,395 41,395
1 68,181 65,191 65,191
2 82,570 88,244 88,244
3 88,727 96,927 96,927
6 107,353 105,290 105,290
9 101,555 106,994 106,994
12 104,498 107,650 107,650
16 104,994 108,059 108,059
24 103,507 108,400 108,400

A Actual values expressed as hours, B values are expressed as (mean (ng/mg), © values are expressed as
ng/mg.
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A.13 Inorganic analysis of the DSE (supporting information Section

5.3.1)

Table A-28: Inorganic analysis of the DSE

Metal Concentration in DSE (mg/L) Metal Concentration in DSE (mg/L)
Aluminium 26.5 Magnesium 785
Antimony <0.0042 Manganese 2.85

Arsenic <0.021 Molybdenum 0.014

Barium 0.43 Nickel 0.017

Bismuth 0.0595 Potassium 525
Beryllium <0.021 Rubidium 0.98

Boron 0.385 Selenium <0.021

Cadmium 0.00195 Silver <0.0022
Caesium 0.0069 Sodium 68
Calcium 131.5 Sulphur 34
Chromium 0.0195 Strontium 0.315
Cobalt 0.02325 Thallium <0.0011
Copper 0.37 Tin <0.011
Iron 28.5 Uranium 0.00245
Lanthanum 0.026 Vanadium 0.0445
Lead 0.0218 Zinc 1.255
Lithium 0.047

Average values of two set of DSE analysis samples completed during August and October 2018 as part of Chapter 2
investigation. The analysis was completed by an external certified laboratory using an extended total metal analysis
that includes nitric acid digestion, ICP-MS, screen level (APHA 3125 B 22" edition 2012).
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A.14 Free and conjugated ESHs solid phase results (excluded from this
research due to low recovery and inconsistent results) (supporting

information Section 5.3.2)

Table A-29: Concentration of the free and conjugated ESHs measured in the solid phase of the adsorption
samples (ng/g)

DSE comparison DSE control DSE 5
Free Conjugated Total Free Conjugated  Total Free Conjugated  Total
170-E2 124 15.0 139 91.6 3.95 95.6 579 38.9 619
17p-E2 231 3.88 26.9 22.8 5.10 27.9 98.7 6.59 105
El 46.4 28.8 75.2 329 2.61 355 128 9.57 138
YESHSs 194 47.7 241 147 11.7 159 806 56.0 862
DSE 10 DSE 20 DSE 30
Free Conjugated Total Free Conjugated  Total Free Conjugated  Total
170-E2 171 6.21 177 461 5.61 467 1288 NAA 1288
17B-E2 34.7 6.10 40.8 97.6 NDB 97.6 160 NA 160
El 46.9 8.49 554 80.4 2.03 82.4 148 NA 148
YESHs 253 20.8 274 639 7.64 647 1596 NA 1596
DSE 50 DSE 100 DSE 200
Free Conjugated Total Free  Conjugated Total Free  Conjugated Total
170-E2  62.8 3.67 66.4 1578 5.69 1584 652 5.45 658
17B-E2 18.5 ND 18.5 184 ND 184 112 ND 112
El 235 1.59 25.1 176 11.54 188 135 1.59 127
TESHs 105 5.25 110 1938 17.2 1956 899 7.04 906

ANot available — loss of sample. B Not detected
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A.15 Free and conjugated ESHs dissolved results (Supporting

information Section 5.3.2)

Table A-30: Concentration of the free and conjugated ESHs measured in the dissolved phase of the adsorption
samples (ng/L)

DSE comparison DSE control DSE5
Free Conjugated Total Free Conjugated  Total Free Conjugated  Total
170-E2 2217 8.24 2226 2656 5.46 2662 485 4.76 490
17B-E2 329 17.3 346 378 19.3 398 162 17.3 179
El 147 5.02 152 253 2.90 256 89.9 2.37 92.3
SESHs 2693 30.6 2724 3288 27.7 3316 737 245 762
DSE 10 DSE 20 DSE 30
Free Conjugated Total Free Conjugated  Total Free Conjugated  Total
170-E2 440 6.97 447 456 7.64 464 224 7.52 231
17B-E2 248 21.0 269 162 25.6 188 227 254 253
El 90.9 38.9 130 86.0 3.06 89.1 55.9 9.77 65.6
SESHs 779 66.9 846 705 36.3 741 507 42.7 550
DSE 50 DSE 100 DSE 200
Free Conjugated Total Free  Conjugated Total Free  Conjugated Total
170-E2 230 6.38 237 214 6.33 220 213 3.87 217
17B-E2 214 53.6 268 188 19.3 208 198 21.6 220
El 58.1 37.0 95.0 55.4 4.17 59.6 53.3 6.04 59.3
YESHs 503 97.0 600 457 29.8 487 465 315 496

Table A-31: Adsorption trial percentage adsorption (%) of dissolved phase free and conjugated ESHs, at
different biochar concentration and fix time interval (24 hours) (pH = 7.2 £0.1, Temperature = 20°C+ 2°C).

Biochar
concentration 170-E2 17p-E2 El ZESHSs

(mg/L)
0 0 0 0 0
10 78.0 48.2 39.5 72.0
20 79.9 22.3 14.9 68.9
40 79.2 45.7 415 72.8
60 89.6 27.0 56.9 79.8
100 89.4 22.6 37.6 78.0
200 90.1 40.0 60.9 82.1
400 90.2 36.5 61.1 81.8
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A.16 Analysis of competitive adsorption by isotherm modelling

(Supporting information Section 5.3.3)

Table A-32: Freundlich isotherm model results in comparison to the experimental data of DSE 170-E2, 17p-E2
and E1 respectively

17a-E2 17p-E2 El
Powdered Experimental  Model data  Experimental Model data Experimental  Model data
biochar data (ng/mg) (ng/mg) data (ng/mg) (ng/mg) data (ng/L) (ng/mg)
concentration
(mg/L)
10 173 127 N/AA N/A 5.75 3.55
20 88.9 89.2 4.04 2.08 2.82 3.69
40 440 102 N/A N/A 1.53 3.06
60 33.2 7.75 1.69 171 1.52 0.71
100 19.9 8.61 1.14 1.50 0.89 0.80
200 10.0 6.55 0.70 113 0.46 0.69
400 5.0 6.52 0.33 1.27 0.24 0.60

Aexcluded from the curve fitting due to higher than expected removal.

Table A-33: Redlich-Peterson isotherm model results in comparison to the experimental data of DSE 17a-E2,
17B-E2 and E1 respectively

17a-E2 17p-E2 E1
Powdered Experimental Model data  Experimental Model data  Experimental =~ Model data
biochar data (ng/mg) (ng/mg) data (ng/mg) (ng/mg) data (ng/L) (ng/mg)
concentration
(mg/L)
10 173 92.4 N/AA N/A 5.75 2.69
20 88.9 83.9 4.04 1.95 2.82 2.72
40 44.0 86.9 N/A N/A 1.53 2.57
60 33.2 42.6 1.69 1.78 1.52 1.67
100 19.9 43.9 1.14 1.68 0.89 1.74
200 10.0 40.7 0.70 1.47 0.46 1.66
400 5.0 40.6 0.33 1.55 0.24 1.59

Aexcluded from the curve fitting due to higher than expected removal.
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Table A-34: Modified Freundlich isotherm model results in comparison to the experimental data of DSE 17a-
E2, 17B-E2 and E1 respectively

170-E2 17B-E2 El
Powdered Experimental  Model data  Experimental Model data  Experimental ~ Model data
biochar data (ng/mg) (ng/mg) data (ng/mg) (ng/mg) data (ng/L) (ng/mg)
concentration

(mg/L)
10 173 122 N/AA N/A 5.75 3.52
20 88.9 92.8 4.04 4.03 2.82 3.64
40 440 103 N/A N/A 1.53 3.05
60 33.2 13.9 1.69 171 152 0.77
100 19.9 15.0 1.14 1.05 0.89 0.87
200 10.0 12.2 0.70 0.50 0.46 0.75
400 5.0 121 0.33 0.63 0.24 0.66

Aexcluded from the curve fitting due to higher than expected removal.

A.17 Removal performance of DSE 17a-E2, 178-E2, E1 and XESHs

respectively by powdered biochar (Supporting information Section 5.3.3)

Table A-35: Removal performance of DSE 17a-E2, 17B-E2, E1 and ZESHs respectively by powdered biochar

Biochar
Concentration

17a-E2

Removal (%)

17p-E2
Removal (%)

El
Removal (%)

XESHs

Removal (%)

(mg/L)
10 75.2 20.7 32.7 66.2
50 85.6 29.8 52.7 77.0
100 88.6 34.1 60.3 80.4
200 91.0 395 66.9 834
300 91.8 434 70.4 84.8
400 92.7 47.0 72.7 86.0
500 93.6 50.6 74.3 87.3
600 94.4 54.0 75.5 88.4
700 94.9 57.2 76.5 89.3
800 95.3 60.2 77.3 90.0
900 95.5 62.8 78.1 90.6
1000 95.6 65.2 78.8 91.0
1500 955 735 82.0 92.0
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A.18 Modelled available ESHs for powdered biochar (Supporting

information Section 5.3.3)

Table A-36: Modelled available DSE 17a-E2 for powdered biochar

DSE 17a-E2 Available 17a-E2  Modelled 17a-E2 /Biochar 170-E2 adsorption on
Concentration in solution (ng/L) concentration (ng/mg) powdered biochar (ng)*
(ng/L)
0 0 0 0

255 50.0 0.21 205 (80.45)

1539 100 1.44 1439 (93.5)

4649 150 4.50 4499 (96.8)
10299 200 10.1 10099 (98.1)
19162 250 18.9 18912 (98.7)
31873 300 31.6 31573 (99.1)

A calculated based on powdered biochar concentration of 1000 mg/L. B Percentage (express in %) of ESHs removed
by the powdered biochar

Table A-37: Modelled available DSE 17-E2 for powdered biochar

DSE 17B-E2 Available 17-E2  Modelled 17-E2 /Biochar 17p-E2 adsorption on
Concentration in solution (ng/L) concentration (ng/mg) powdered biochar (ng)”
(ng/L)
0 0 0 0
69.3 25.0 0.04 44.3 (63.98)
141 50.0 0.09 90.7 (64.5)
213 75.0 0.14 138 (64.8)
286 100 0.19 186 (65.0)
360 125 0.24 235 (65.3)
442 150 0.29 292 (66.1)
567 175 0.39 392 (69.1)
868 200 0.67 668 (77.0)

A calculated based on powdered biochar concentration of 2000 mg/L. B Percentage (express in %) of ESHs removed
by the powdered biochar

Table A-38: Modelled available DSE E1 for powdered biochar

DSE E1 Available E1 in Modelled E1/Biochar E1 adsorption on
Concentration solution (ng/L) concentration (ng/mg) powdered biochar (ng)*
(ng/L)
0 0 0 0

13.1 10.0 0 0.00

48.4 20.0 0.03 28.4 (12.48)

134 30.0 0.10 104 (25.8)

302 40.0 0.26 262 (39.6)

586 50.0 0.54 536 (51.7)

1022 60.0 0.96 962 (61.6)

A calculated based on powdered biochar concentration of 2000 mg/L. B Percentage (express in %) of ESHs removed
by the powdered biochar
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A.19 Estrogenic potency (Supporting information Section 5.3.4)

Table A-39: Modelled factored estrogenic equivalents and reduction in estrogenicity of ESHs in the DSE sample
dosed at different powdered biochar concentration

Powdered Reduction in
] 170-E2 17p-E2 El ZESHSs .
biochar . . . estrogenicity
. Equivalent Equivalent Equivalent Equivalent
concentration (%)
(ng/L)A (ng/L)A (ng/L)A (ng/L)A
(mg/L)
0 22.3 346 3.05 371 0

10 5.50 261 1.98 268 24.2
50 3.20 231 1.39 235 335
100 2.53 217 1.17 220 37.7
200 2.00 199 0.97 202 429
300 1.08 186 0.87 189 46.6
400 1.62 174 0.80 177 50.1
500 1.42 162 0.76 165 53.5
600 1.25 151 0.72 153 56.7
700 1.12 141 0.69 142 59.8
800 1.04 131 0.67 133 62.5
900 1.00 122 0.65 124 65.0
1000 0.97 115 0.63 116 67.2
2000 1.08 70.4 0.46 719 79.7
3000 1.07 51.0 0.39 525 85.2
4000 0.96 40.1 0.39 415 88.3
5000 0.86 33.1 0.41 344 90.3

A calculated by multiplying the modelled concentration of 17a-E2, 17B-E2 and E1 by its relative potency factor
(0.01,1 and 0.02 respectively) obtained by the ER-CALUX bioassay (Kolkman et al., 2013).

A.20 NZ dairy farming and examples of key dairy farm effluent system
(supporting information for Section 6.1)

On NZ farms, cows are typically spending the majority of their time in paddocks (IPENZ,
2017). All farms will have a stand-off pad (milking yard) and milking shed, both of which
have an impermeable concrete surface. Some farms include a feed pad, which is situated
adjacent to the milking yard and may or may not include an impermeable surface, or it
may have a permeable surface consisting of wood chips. The time a cow spends in the
milking yard, in the milking shed or feed pad will depend on the farmer’s operation, the
number of cows, and the throughput through the milking shed, which will depend on
whether or not the farm is using a herringbone or rotary milking system, and what system
the farm is, i.e. whether or not the cows are primarily grass-fed, or there is some

supplemental feeding with e.g. maize or palm expeller kernel. There are many types of
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recommended dairy farm effluent (DFE) and applicator systems (Dairy NZ, 2014), this
section covers the predominant effluent systems in NZ.

A.20.1Two-pond system

Traditional effluent treatment in NZ includes a two-pond system arrangement (Figure
A-2).

Figure A-2: Traditional two-pond system for the treatment of dairy effluent

The pond systems normally include anaerobic and facultative pond designs for the
removal of organic matter and solids, before subsequent discharge of the effluent. These
treatment systems do not incorporate active/mechanical oxidation, relying instead upon
passive oxidation from the atmosphere. As such, these systems provide uncontrolled
treatment performance that relies of the surrounding environmental conditions to treat the
concentrated dairy shed waste stream and therefore were found not to be effective in
reducing nutrients such as nitrogen and phosphate (Bolan et al., 2009; Craggs et al., 2003).
Although the two-pond system are not very common these days and are not sitting under
the classification of DFE system in the local authorities, they are still around. Farmers
tend to pump the top layer (supernatant) from either the first or the second pond and utilise
it for land irrigation, while leaving the settled solids at the bottom of the ponds. The
hydraulic retention time of this system is normally very high because originally, they
were designed to act as anaerobic and facultative ponds. Anaerobic and facultative ponds
normally have a hydraulic retention times of up to 50 days (Norvill et al., 2016).
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A.20.2Stirred sump or pond
A stirred sump or pond (Figure A-3) is normally used in conjunction with a travelling

irrigator (high rate irrigation system) as the method of application and a stone trap as a
pre-treatment (Dairy NZ, 2014).

Figure A-3: Stirred dairy effluent sump

In this system, the primary treated effluent is stirred on a regular basis or just before
pumping to ensure minimum sedimentation occurs at the bottom of the tank. The stirred
effluent from the sump is applied to pasture and/or directed to the storage pond during
times that effluent cannot be directed to land. Another variation to this system includes a
larger capacity pond equipped with pump and stirrer (normally portable system connected

and driven by a tractor) that also act as a storage facility.

A.20.3Passive or mechanical solids separation

Solids separation is required to minimise any operational issues such as pipe and pump
blockages and to ensure the liquid effluent can be pumped more efficiently and over
longer lengths. Passive and mechanical separation systems would normally be used in
conjunction with a low rate sprinkler system (Dairy NZ, 2014).

The most popular separator system in NZ is the passive weeping wall arrangement (Figure
A-4). The weeping wall includes a sludge storage area (either lined pond or a concrete
structure) which has a narrow-slotted wall at the outlet. The liquid effluent drains through

the wall into a drainage channel and to the storage pond or sump. The solids remain in
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the storage area for a period of four to six months before they dug out and applied to land

normally by a tanker spreading method.

Figure A-4: Passive separator —weeping wall system

A.21 Anaerobic digestion principals (supporting information for
Section 6.1)

Conversion of the organic matter within the biosolids to methane involves several groups
of bacteria that carry out specific chemical and biochemical reactions at several stages.
These stages consist of hydrolysis, fermentation and methane formation process (Metcalf
and Eddy, 2014). The hydrolysis stage is responsible for converting the complex and
insoluble organic matter into material that can be assimilated by the bacteria. The
hydrolysis step is normally considered the limiting stage as no stabilisation of the
biosolids can occur without proper functioning of this step. It is important to mention that
not all the biosolids organic matter can be broken down during the hydrolysis stage as

some comprises a non-biodegradable organic portion and cannot be biologically degraded.

Following the hydrolysis stage, the hydrolysed organics will be fermented to long chain
organic acids, sugars, and amino acids. Furthermore, acetic acid, hydrogen and carbon
dioxide are also formed during the production of the organic acids. The acetic acid and
hydrogen serve as the major substrates for the formation of methane and other biogas
gases. During the conversion of the acetic acid into methane gas, waste stabilisation

occurs and the methane leaves the system and can be utilised as an energy source. Carbon
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dioxide is also produced is the anaerobic digestion process, this compound could escape

as gas or be converted to bicarbonate alkalinity (Parkin & Owen, 1986).

An efficient operation of anaerobic digestion will ensure there is a balance between the
acid and hydrogen forming bacteria and the methane producing bacteria. System
imbalance will generate high volatile acid concentration and high hydrogen levels leading
to low pH that will inhibit methanogenic activity (Fagbohungbe et al., 2017). To ensure
efficient anaerobic digestion, parameters such as retention time, contact between the
bacteria and substrate, alkalinity, pH and constant temperature conditions and
concentration of nutrients, non-toxic materials and feed need to be optimised.
Optimisation of these conditions will permit the development and maintenance of a large
and stable population of methane-forming bacteria leading to high production of methane
gas. Among these parameters, solids retention time is a key factor to ensure bacterial
growth as well as prevent wash out of the bacteria. Another key parameter is temperature.
The operating temperature of anaerobic digestion determines the metabolic activities of
the microbial population and affects the gas transfer rate and the settling characteristics
of the sludge. Anaerobic digestion temperature can range between ambient temperatures
to 57°C. Most anaerobic digestion will operate in the mesophilic range of 30°C - 38°C,
while others operate at the thermophilic temperature range of 50°C to 57°C. Anaerobic
digestion using a pond system will normally operate under ambient temperatures.
Whatever type of anaerobic digestion is used, it is important to keep the temperature
stable because the bacteria, especially the methane bacteria, are sensitive to temperature
variation (Metcalf and Eddy, 2014).

Furthermore, the composition of the feedstock is very important during the anaerobic
digestion process. To enhance the methane production of the anaerobic digestion system
and reduce inhibition, a combination of two or more feeds to optimise the anaerobic
digestion operating conditions are commonly used (Yangin-Gomec & Ozturk, 2013).
Feed adjustment would normally be made to achieve appropriate carbon to nitrogen ratio
and pH buffering capabilities (Troy et al., 2013) and also allow for microbial adaption by
reduction of the of the concentration of the inhibitor by increasing the ratio of the co-
substrate (Fagbohungbe et al., 2017). For example, bio-oil from the pyrolysis system
(system that produces biochar, material that is used in this research to treat ESHs from
the DSE) can also be used as a feed to the anaerobic digestion system to produce more
energy (Hubner & Mumme, 2015; Torri & Fabbri, 2014). On contrast, the use of non-
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suitable feed can lead to the inhibition of bacterial activity. For example, inhibition of
bacterial activity can be caused by organic substrates that contain high amount of protein,
lipids, metals, pesticides, antibiotics and other organic compounds (Alvarez et al., 2010;
Sousa et al., 2013; Yangin-Gomec & Ozturk, 2013). Examples for possible anaerobic

digestion feeds in a dairy farm environment (Dairy NZ, 2017) are presented below:

e Manure scraped from the feed pads. This feed can be diluted or thickened by air
drying or by adding bedding materials and can contain a solid content of 15-25 %.
Manure from the feed pad is often stored before being directed to the effluent
system or directly spread on the farm. This “aged” feed would tend to have low
energy value and normally not be suitable for biogas and energy production.

e Diary shed effluent generated at the milking shed. This feed includes manure, milk
residue and washing water, making this feed dilute with a solid content of less
than one percent.

e Dairy shed effluent separated solid portion sourced from the passive or
mechanical separation system. This material can contain a solid content of 4 —
20 % depending on the solid separation system used. This material would

normally either be stored in a bunker or a tank.

A.22 Complete mix digester, plug flow, fixed film digester and
concentrated animal feeding operation (supporting information for
Section 6.1)

The most popular anaerobic digester configurations for treating dairy biomass are

presented below.

A.22.1Continuous stirred tank reactor

A complete mix digester or continuous stirred tank reactor (CSTR), would normally be
above ground, however, some below ground arrangements can also be found. The solid
feed content would normally be 3 — 10 % with a hydraulic retention time of 15 days or
higher. The complete mix digester content would be mixed by motor or pump, and the

reactor/tank would normally be heated (U.S. Environmental Protection Agency, 2004)

A.22.2Plug flow digester

The plug flow digester is a long narrow tank normally designed for feeds with a range of
11 — 13 % total solids and hydraulic retention time of 15 days or more (U.S.
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Environmental Protection Agency, 2004). The digester content would move through the
digester as new feed is added. This system would normally be heated and can include
vertical mixing techniques. The plug flow digester is the most common anaerobic
digestion system installed on farms in the USA (U.S. Environmental Protection Agency,
2017a).

A.22.3Fixed film digester

Fixed film digesters include a medium, normally plastic or wood chips, that support a thin
layer of anaerobic bacteria. This system is designed for feeds with a range of 1 —5 % total
solids and hydraulic retention time of five days or less. The feed would pass through the
media and be digested as it comes into contact with the bacteria (biofilm) attached to the

medium.

A.22.4Concentrated animal feeding operation

In comparison to the New Zealand dairy operation, the United States (US) use a
concentrated animal feeding operation (CAFO). The CAFO is normally used for a large
herd (over 700 dairy cows) that is confined on site that operates for more than 45 days
during the year. In these systems feed is normally brought to the cow rather than the cow
grazing in the paddocks (Natural Resources Conservation Service, n.d.). The CAFO
system is known to present a greater risk to the environment due to the increased volume
of effluent and contaminants (Burkholder et al., 2007), therefore the effluent treatment
systems of the CAFO need to be designed carefully. The CAFO system normally consists
of a rain water diversion facility, a waste collection system, a waste storage pond, an
animal waste treatment facility and an animal waste transfer system (U.S. Environmental

Protection Agency, 2001).

The CAFO treatment facility normally includes physical, biological and chemical
treatments. The physical treatment commonly involves a solid separation arrangement,
while the treatment takes place in an anaerobic or aerobic lagoon or in an anaerobic
digester. Composting of the animal waste is also used to improve the handling and reduce
odour and nuisance problems associated with the animal waste (U.S. Environmental

Protection Agency, 2001).
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A.23 Application of animal effluent and sludge to land (supporting

information for Section 6.1)

Many factors can influence the fate and behaviour of ESHSs in the environment, including
the type of effluent/solids, the application rate and the method of application (Mina et al.,
2017). The transport behaviour of steroid hormones can be assessed by knowing the
concentration discharge, load discharge and various relationship coefficients. Two
methods, surface broadcast and shallow disk injection, of dairy manure application were
tested over a period of seven months to confirm the transport behaviour of steroid
hormones resulting from each method. It was found that shallow disk injection

significantly reduced steroid hormones transport through runoff (Mina et al., 2017).

Soils containing preferential flow can cause leaching of steroid hormones to ground water
(Steiner et al., 2010). A study of animal manure-treated fields examined the leaching rate
of 17p-estradiol and estrone under-regulated and acceptable manure irrigation rates and
found that these hormones leach rapidly from the root zone during storm events. In this
study estrone was found to leach more readily than 17p-estradiol (Kjaer et al., 2007).
Other studies showed that steroid hormones tend to adsorb onto soil and sediment,
because of the presence of organic carbon in the soil (Casey et al., 2003; Mansell et al.,
2004; Sarmah et al., 2008; Ying & Kookana, 2005) or biologically degrade (Mansell et
al., 2004; Ying & Kookana, 2005). The difference in the results was assumed to be due
to the lack of macropores within the laboratory-scale soil column caused due to the
handling of the soil, leading to longer persistence time of the contaminants. Longer
persistence time will provide better conditions for the hormones to be adsorbed or degrade
(Kjaer et al., 2007). Other reasoning for the long persistence of the contaminants in soils
and therefore the advancement of the adsorption capacities in solid, is due to the existence
of anaerobic conditions that enable minimum to no degradation of the steroid hormones’
components (Ying & Kookana, 2005). Degradation of free estrogens in soil was found to
occur rapidly (within seven days) in a soil column under aerobic conditions. However,
under anaerobic conditions most of the estrogens will persist in the soil with little, to no,
degradation. The exception is 17p-estradiol, where biological degradation was found to
be much slower (Peterson et al., 2005; Ying & Kookana, 2005). Furthermore, 17[3-
estradiol was found to be converted into estrone during both aerobic and anaerobic
conditions (Sarmah et al., 2008; Ying & Kookana, 2005).
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A.24 Municipal wastewater treatment systems and ESHSs (supporting

information for Section 6.1)

Municipal wastewater treatment system in NZ normally includes some form of an
activated sludge system where anoxic, aerobic and clarification (by clarifier) or separation
(by membranes) stages with and without the use of chemicals (Metcalf and Eddy, 2014).
Previous studies that looked at the fate of different ESHSs in various wastewater treatment
plant configurations suggest that the ESHs entering the wastewater treatment plant from
municipal source are generally removed during the treatment process, leading to reduced
concentration in the treated effluent (Ifelebuegu, 2011; Ogunlaja and Parker, 2015). The
removal of the ESHs was found to mainly occur during the secondary biological treatment,
with the rates of removal related to the nitrification rates, recirculation rate, temperature
and the hydraulic retention time, dissolved oxygen and sludge age (Andersen et al., 2003;
Hamilton et al., 2016; Ifelebuegu, 2011; Leusch et al., 2006; Marti & Batista, 2014).
More advanced treatment technologies, such as membrane bioreactors or anaerobic
anoxic, aerobic arrangements, have been found to have superior performance than the
lower technology plants, such as an oxidation ditch (Ifelebuegu, 2011). Tertiary
treatments were also found to improve the removal of ESHs through solids removal.
Furthermore, methods such as adsorption, ozonation, reverse osmosis and nanofiltration
are reported to be effective in the removal of the ESHSs, in comparison to the activated
sludge and biofiltration methods (Ifelebuegu, 2011; Liu et al., 2009b; Snyder et al., 2007).
While wastewater treatment plants showed between 75% to 100% removal, mainly
through biodegradation and adsorption of estrogens, resulting in a low level of ESHSs in
the treated effluent (Andersen et al., 2003; Ifelebuegu, 2011; Janex-Habibi et al., 2009;
Leusch et al., 2006; Ruchiraset & Chinwetkitvanich, 2014), at the same time, high
concentrations of ESHs were found in the digested sludge (Andersen et al., 2003). During
the investigation of an enhanced biological removal plant, it was found that a large portion
(80 —90 %) of the estrogens entering the plant were removed by adsorption into the solids
(Ruchiraset & Chinwetkitvanich, 2014).
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A.25 CAP influent, effluent and sludge 2018 measured ESHs data

(supporting information for Section 6.2.5.2)

Table A-40: Free and conjugated ESHSs concentrations dissolved (ng/L) phase of the influent samples of the CAP
collected during 2018

Mar-18 Mar-21 Apr-18 May-21 Jul-18 Aug-18 Oct-18 Nov-18
Free
170-E2 1610 744 2869 2247 1065 243 28.6 21.7
17-E2 233 343 242 341 108 14.7 7.04 15.1
El 282 178 415 209 106 43.8 5.19 68.3
ZESHs 2125 1265 3526 2497 1279 302 40.8 105
Conjugated
170-E2 86.8 118 89.1 18.4 74.3 337 22.6 26.6
17p-E2 N.D 22.6 6.56 35.1 305 67.4 40.1 51.6
El N.D 2.90 137 11.11 N.D N.D 7.12 6.78
XESHs 86.8 373 233 64.6 105 101 69.8 84.9
Total
17a-E2 1697 756 2958 2265 1139 277 51.2 48.3
17B-E2 233 366 249 376 139 82.1 47.1 66.7
El 282 181 552 220 106 43.8 12.3 75.1
SESHSs 2212 1302 3759 2562 1384 403 111 190

Table A-41: Free and conjugated ESHs concentrations solid (ng/g) phase of the influent samples of the CAP collected during
2018

Mar-18 Mar-21 Apr-18 May-21 Jul-18 Aug-18 Oct-18 Nov-18
Free
170-E2 309 303 413 662 689 174 28.1 23.9
17p-E2 61 216 50.1 143 63.4 16.7 16.6 24.4
El 713 146 59.3 131 108 89 46 296
ZESHs 441 198 522 936 861 280 90.7 344
Conjugated
170-E2 2.93 5.28 37.0 14 345 114 N.D 1.76
17-E2 N.DA 5.16 9.0 4.62 8.19 4.46 N.D N.D
El N.D 2.5 N.D 27.7 9.17 N.D N.D N.D
ZESHs 2.93 12.9 46.0 46.3 51.8 15.9 N.D 1.76
Total
17a-E2 312 356 450 676 724 185 28.1 25.7
17B-E2 61 26.8 59.1 148 716 212 16.6 24.4
El 713 149 59.3 159 117 89.0 46.0 296
sESHSs 444 211 568 982 913 296 90.7 346

A Not detected
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Table A-42: Free and conjugated ESHSs concentrations dissolved (ng/L) phase of the sludge samples of the CAP
collected during 2018

Mar-18 Mar-21 Apr-18 May-21 Jul-18 Aug-18 Oct-18 Nov-18
Free
170-E2 38.9 N.AA 338 N.A 24.2 27.0 35.3 21.4
17-E2 55.3 N.A 46.4 N.A 343 335 64.9 43.1
El 881 N.A 835 N.A 581 561 771 628
ZESHs 975 N.A 915 N.A 640 622 871 693
Conjugated
170-E2 N.DB N.A N.D N.A N.D N.D N.D N.D
17B-E2 N.D N.A N.D N.A N.D 16.0 17.6 6.27
El N.D N.A N.D N.A N.D N.D N.D N.D
ZESHs N.D N.A N.D N.A N.D 16.00 176 6.27
Total
17a-E2 38.9 N.A 338 N.A 24.2 27.0 35.3 21.4
17B-E2 55.3 N.A 46.4 N.A 343 495 82.5 49.4
El 881 N.A 835 N.A 581 561 771 628
SESHs 975 N.A 915 N.A 640 638 889 699

A Not available (not tested). B Not detected

Table A-43: Free and conjugated ESHs concentrations solid (ng/g) phase of the sludge samples of the CAP
collected during 2018

Mar-18 Mar-21 Apr-18 May-21 Jul-18 Aug-18 Oct-18 Nov-18
Free
170-E2 25.3 N.AA 24.7 N.A 37.9 32.2 34.3 33.3
17B-E2 51 N.A 46.4 N.A 755 70.2 84.7 778
El 750 N.A 1036 N.A 873 813 1416 1309
ZESHs 826 N.A 1107 N.A 986 916 1535 1420
Conjugated
170-E2 N.DB N.A N.D N.A N.D 15.1 N.D N.D
17-E2 15.7 N.A 2.53 N.A 105 1.60 2.72 2.53
El N.D N.A N.D N.A 19.8 N.D N.D N.D
ZESHs 15.7 N.A 2.53 N.A 305 16.7 2.72 2.53
Total
17a-E2 253 N.A 24.7 N.A 37.9 473 343 333
17B-E2 66.7 N.A 48.9 N.A 86.0 71.8 87.4 80.3
El 750 N.A 1036 N.A 893 813 1416 1309
sESHSs 842 N.A 1110 N.A 1017 933 1538 1423

ANot available (not tested). B Not detected
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Table A-44: Free and conjugated ESHSs concentrations dissolved (ng/L) phase of the effluent samples of the CAP
collected during 2018

Mar-18 Mar-21 Apr-18 May-21 Jul-18 Aug-18 Oct-18 Nov-18
Free
170-E2 3.50 88.1 106.00 307 782 416 208 84.5
17-E2 3.11 871 65.3 709 142 142 69.0 11.3
El 68.7 75.9 1098 96.5 682 756 1011 437
ZESHs 75.3 1035 1269 1112 1606 1314 1288 140
Conjugated
170-E2 N.DA N.D N.D N.D 40.2 30.1 48.8 37.0
17B-E2 N.D 3.96 N.D 8.50 N.D N.D 8.75 9.00
El N.D 13.50 N.D 7.18 N.D 141 N.D N.D
ZESHs N.D 175 N.D 15.7 40.2 170 57.6 46.0
Total
17a-E2 3.50 88.1 106 307 822 446 257 122
17B-E2 3.11 875 65.3 718 142 142 778 20.3
El 68.7 89.4 1098 104 682 897 1011 437
SESHs 75.3 1053 1269 1128 1606 1484 1346 186

A Not detected

Table A-45: Free and conjugated ESHs concentrations solid (ng/g) phase of the effluent samples of the CAP
collected during 2018

Mar-18 Mar-21 Apr-18 May-21 Jul-18 Aug-18 Oct-18 Nov-18
Free
170-E2 2.62 8.82 29.0 158 553 304 126 69.2
17B-E2 3.74 441 27.9 722 121 146 96.8 30.8
El 26.3 20.0 428 58.9 944 690 1181 1131
ZESHs 32.6 470 485 939 1618 1139 1403 1231
Conjugated
170-E2 N.DA 0.87 N.D 0.89 10.2 8.00 N.D N.D
17p-E2 N.D 1.74 N.D 2.01 5.19 4.91 N.D N.D
El N.D 3.57 N.D 4.27 N.D 5.92 N.D N.D
ZESHs N.D 6.18 N.D 7.17 15.4 18.8 N.D N.D
Total
17a-E2 2.62 9.69 29.0 159 563 312 126 69.2
17B-E2 3.74 443 279 724 126 151 96.6 30.8
El 26.3 23.57 428 63.2 944 696 1181 1131
sESHSs 32.6 476 485 946 1633 1158 1403 1231

A Not detected
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A.26 Anaerobic digestion and pyrolysis

Anaerobic digestion and pyrolysis are two technologies to degrade biomass, producing
some added value and renewable bioenergy products (Feng & Lin, 2017). The integration
of these two technologies has been researched in recent years with the majority of

research focusing on bioenergy recovery (Feng & Lin, 2017; Salman et al., 2017).

Through the combination of anaerobic digestion and pyrolysis, by-products such as bio-
oil, biogas and biochar can be produced. The biogas and bio-oil have the potential to
generate sufficient energy to make the system self-sufficient and overcome the energy
requirement and operation deficiency of each individual process (Feng & Lin, 2017) or
to feed the pre-treatment dewatering system (Monlau et al., 2015) as well as replace
traditional fossil fuels such as petroleum (Gercel, 2011). The integrated system was found
to produce up to 42% more energy than if it was a stand-alone anaerobic digestion system
(Monlau et al., 2015; Salman et al., 2017; Shen et al., 2015). Cost of life analysis indicates
that an integrated anaerobic/pyrolysis system can have a return rate of 16.5 % with a
payback period of 6.1 years (Salman et al., 2017).

Through the combination of anaerobic digester and pyrolysis system, digestate from the
anaerobic digestor was found to improve the energy production of the pyrolysis system,
as well as the quality of the bio-oil (Liang et al., 2015), however, surface area of the char
and its heating value was reduced (Xue-Ding et al., 2017). Biochar from the pyrolysis
system added to the anaerobic digestor overcame inhibition problems such as ammonia
inhibition (Mumme et al., 2014; Shen et al., 2015), increased alkalinity (Shen et al.,
2015), supported well balanced biomethanation bacteria on the biochar (Cooney et al.,
2016; Shen et al., 2015; Xu et al., 2015) as well as enhancing phosphate, nitrogen and
potassium adsorption capabilities of the digestate (Salman et al., 2017; Shen et al., 2015;
Yao et al., 2011).

Adding the pyrolysis oil to the anaerobic digestion system feed can be used for the
purposes of production of fuel (Torri & Fabbri, 2014). However, the pyrolysis bio-oil can
contain up to 400 complex organic compounds (Hubner & Mumme, 2015), making it
toxic to the anaerobic microorganisms within the anaerobic digester and therefore is likely

to require further treatment so it can be used (Cordella et al., 2012).
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Three main configurations of the combined anaerobic digestion and pyrolysis were
studied. These include (1) anaerobic digestion-pyrolysis (2) pyrolysis-anaerobic digestion
and (3) anaerobic digestion-pyrolysis-anaerobic digestion.

The anaerobic digestion followed by a pyrolysis system seems to be the most popular
configuration for treating biomass (Feng & Lin, 2017). This system gave an increased net
energy gain and sustainability, as well as reducing greenhouse emission as anaerobic

digestate is not applied directly to land (Odlare et al., 2012).

In the pyrolysis-anaerobic digestion system, by-product from the pyrolysis system are fed
into the anaerobic digestion system. This arrangement allows support of biofilm and
favours the establishment of bio methanation bacteria on the biochar within the anaerobic
digestion system that can double production of methane (Shen et al., 2015; Xu et al.,
2015) as well as digesting the pyrolysis bio-oil. Some research suggests that introduction
of a high concentration of bio-oil to the anaerobic digestion system may create a toxic
environment to anaerobic digestion system microorganisms (Cordella et al., 2012; Feng
& Lin, 2017). Further research suggests that bioconversion of the bio-oil requires a long
lag time for the anaerobic microorganisms to acclimatised so bio-oil can be converted at
an acceptable rate (Torri & Fabbri, 2014). Another way to overcome this problem is by
applying pyrolysis pre-treatment or post-treatment to ensure the pyrolysis products are

more digestible (Luque et al., 2014).

The third configuration of anaerobic digestion-pyrolysis-anaerobic digestion is similar to
the anaerobic digestion-pyrolysis-anaerobic configuration; however, it includes recycling
of the pyrolysis products back into the anaerobic digestion system. This system allows
flexibility and selection of the anaerobic digestion feedstock for optimum gas production,
and utilisation of the pyrolysis bio-oil (Hubner & Mumme, 2015).
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