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ABSTRACT

The use of pesticides in modern agriculture is necessary in order to
maintain high crop yields, however this use of pesticides can risk contamination
of potable water sources. In order to prevent potable water contamination, the
movement of pesticides out from agricultural environments must be prevented.
In this work, adsorption media has been considered as a means to do this as it
can be used without external energy requirements and so can be used in
remote locations such as farmland catchments. To understand the issue of
pesticides in drinking water in the UK, a study on pesticide water quality
compliance was conducted using data available from the Drinking Water
Inspectorate water quality regulator. From this, a number of pesticides were
identified to be of particular concern. The physico-chemical properties of these
pesticides were then established and adsorption media suitable for their
removal from water was identified. A field study was conducted to understand
the specific conditions under which pesticide run-off occurs using a new
sampling methodology that was proportional to the local rainfall. The work then
researched in-field adsorption solutions for pesticide removal. This was
investigated by using different activated carbon media and determining their
speed and efficiency at removing three identified pesticides: metaldehyde,
metazachlor and propyzamide. The practical applicability of each medium was
then considered by understanding the headlosses that might be observed at a
range of realistic flow rates as observed in the field study. This resulted in the
selection of an activated carbon fabric for pilot testing in flowing water as a
result of its superior kinetic uptake and its effective performance in a complex
matrix (raw water) when compared with the other media tested. In addition, the
ability to orientate the fabric into a range of practical and flexible configurations
will enable reduced headlosses in agricultural environments. The results
showed that the activated carbon medium had great potential, achieving
approximately 46% removal of the pesticide metaldehyde during flume

experiments.
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1 Introduction

Pesticides are an integral part of modern agriculture, where increasing
demand for crops that produce food and fuel must keep up with a growing
population. Pesticide use is extensive, for example approximately sixteen and a half
thousand tonnes of pesticides were used in the UK in 2016 (FERA, 2018). Pesticides
help to ensure a high crop production by protecting the crops against competing
weeds, insect pests and fungal diseases. However, the use of pesticides on such a
large scale has caused a number of issues for the water industry. The movement of
pesticides from the agricultural environment into water sources that are subsequently
used for abstraction for potable water can cause water quality compliance failures. In
Europe, drinking water quality regulations are controlled by the Drinking Water
Directive (Council of the European Union, 1998). For pesticides, the concentration
must not exceed 0.1 pg L™ per single pesticide compound or 0.5 pg L™ for the total

amount of pesticides.

Pesticides are composed of a wide range of molecular structures. As such,
they have very different characteristics that mean their mobility from land to water
differs and the ability to remove them from water varies considerably. Important
features of a pesticide that control its behaviour are its solubility, polarity and
adsorption coefficient (Franco and Matamoros, 2016). A number of different
pesticides have caused compliance failures in the recent past, however metaldehyde
is currently the pesticide of greatest concern in the UK (Busquets et al., 2014;
Drinking Water Inspectorate, 2016; Castle et al., 2017; Salvestrini et al., 2017).
Metaldehyde is a molluscicide used to deter and control molluscs and has caused
more compliance failures in the last ten years than all other pesticides put together.

The main reason for this is that it is difficult to remove from water and so



conventional treatment using granular or powdered activated carbon (PAC)
adsorption and ozone oxidation has been relatively ineffective (Busquets, 2014).
Other means of pesticide treatment include ultraviolet (UV) photolysis and advanced
oxidation processes, which are effective but expensive and energy intensive

(Boudesocque et al., 2008).

Beyond direct treatment of contaminated water, a number of catchment
management schemes have also been used across the UK to try and lessen the
impact of pesticides and to minimise their movement outside of their intended
location. Catchment management schemes have included proposals such as paying
farmers to substitute the pesticides that have caused problems for others that are
less harmful to the environment. For example, in the case of metaldehyde, switching
to ferric phosphate (Severn Trent Water, 2014). Other methods focus on the means
of pesticide application for example planting crops across a slope in order to avoid
making tramlines down a gradient that encourages flow of rainfall down a path of
least resistance. Programmes such as ‘Get Pelletwise’ and ‘The Voluntary Initiative’
aim to educate and encourage pesticide users about the risks and best practice of

their use (Metaldehyde Stewardship Group, 2015; Voluntary Initiative, 2015).

Constructed wetlands are another means of controlling the movement of
pollutants from farm land. They are primarily used as a final polishing step for
wastewater treatment (Sultana et al., 2015) and have been successfully used for the
mitigation of phosphorus (P) and nitrogen (N) (Xu et al., 2014). However, they have
been more commonly used for treatment of high nutrient loaded livestock waste
streams rather than for dilute arable farming run-off (Sultana et al., 2015). Much of
the pollutant removal is reliant upon microbial degradation that can take place due to

the long hydraulic retention times (typically in excess of 24 h) present in most



wetland systems (Xu et al., 2014; Vymazal and Bfezinova, 2015). Constructed
wetlands have, however, been explored in numerous studies for control of pesticides
in run-off from arable agricultural environments, but there is large variation in the
removal efficiency. For example in a review by Vymazal and Bfezinova (2015), when
pesticide removal was analysed according to chemical group it was found that there
was removal of only around 20% for those in the triazinone group (metamitron,
metribuzin) but removal was in excess of 90% for those in the organochlorine
(endosulfan, pentachlorophenol) and strobilurin/strobin  (kresoxin  methyl,
trifloxystrobin, azoxystrobin) groups. Pappalardo et al. (2015) found good, but
reversible, adsorption of up to 98% of two herbicides under artificial flooding
conditions in a surface flow constructed wetland. Other studies used specific media
within the wetland in order to enhance pollutant removal. This has included materials
such as steel slag, light expanded clay aggregates (leca) and alum sludge. The leca
was used for treatment of the pesticide MCPA and achieved between 56-97%
removal whereas the steel slag and alum sludge were both used for P removal and
both achieved removal rates in excess of 80% (Babatunde and Zhao, 2007; Dordio

and Carvalho, 2013; Yun et al., 2015).

This project was carried out in collaboration with the catchment management
team at Severn Trent Water (STW). STW covers an area of 21,000 km? in the
Midlands and mid-Wales, providing potable water to approximately 7.7 million people
(Severn Trent Water, 2014). Twelve pesticides had been identified by the company
that were considered to be threats to potable water abstraction sources, five of which
were of particular interest. These included four herbicides: propyzamide,
metazachlor, quinmerac and clopyralid and the molluscicide metaldehyde which is of

major concern (Severn Trent Water, 2014). STW have been challenged with



developing innate catchment solutions to improve water quality in wider catchment
areas. The approach taken in this research was to focus on the application of

engineered solutions to be applied 'in-field'.

The overall aim of this research was to therefore understand the critical risk
factors and associated management tools for elevated pesticide concentrations in
field run-offs. This aim consisted of two objectives:

1) To understand the conditions that lead to elevated pesticide presence in
agricultural run-off

2) To understand the impact of design and operating conditions on the efficacy
of adsorptive processes to manage elevated pesticide concentrations in

agricultural run-off

The thesis has been written so that each chapter has been formatted in the
style of a paper for publication (Figure 1.1). The papers have been written entirely by
the first author Stephanie Cosgrove with support provided by Prof Peter Jarvis and
Prof Bruce Jefferson. All experimental work was carried out by Stephanie Cosgrove
at Cranfield University or the field site, Hattons Farm located in Wolverhampton.
Technical support was provided by Oliver Heard for the monitoring equipment

solution used in chapter 3.

Chapter 2 is a literature review that looked at the water quality issues caused
by pesticides in the UK. This focuses on pesticide compliance failures that have
occurred in England and Wales and includes analysis of data contained in DWI
reports and historical environmental datasets. The review then focused on a number
of pesticides and potential adsorption media that could be used for their removal

from water.



Chapter 3 reports on results from field experiments conducted on a working
farm site in Wolverhampton. A rain-dependant sampling method was developed in

order to best describe the pattern of pesticide run-off under storm conditions.

Chapter 4 presents experimental data from adsorption tests investigating the
capacity and speed of adsorption of different pesticides from water using different

adsorbent media.

Chapter 5 describes further testing of the selected adsorption medium
(activated carbon fabric) under continuous flow conditions for removal of the
pesticide metaldehyde. Firstly, a lab scale experiment was designed using a
membrane cell set-up to understand the kinetics of removal under different flow rates
and contact times in a re-circulating batch experiment. This was then expanded to a
pilot scale setup using 2 m? and 8 m? of fabric inside a flow channel with faster flow
rates (2 L min™® and 10 L min™) and a single pass design in order to more closely

mimic the conditions that would be present under working environmental conditions.

Chapter 6 presents the key findings of the thesis in an overall discussion
focussing on how the in-field adsorption system could be used and applied in farm

catchments.
Chapter 7 summarises the key findings and conclusions of the work.

Chapter 8 proposes the further research that is required in order to deliver a
technically feasible in-field adsorption solution that will be robust enough to be

deployed in the environment.
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1.1 Publications

The literature review section of this thesis has been published in the journal
‘Environmental Technology Reviews' (Cosgrove et al.,, 2019. Stephanie
Cosgrove was also a contributing author to a method paper (Ramos et al.,
2017) published in 'Water and Environment Journal' that describes the

development and use of the analytical method used in this research.
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2 Literature review: The use of pesticides in the UK and
their potential for removal by adsorption within farm
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2.1 Abstract

Pesticides are an important part of crop production in the UK, however
their use poses a threat to potable water sources. Seasonal use of pesticides
can cause increased concentrations to be detected at potable water abstraction
sites as a shock load which can be difficult for conventional treatment
processes for pesticide removal to deal with. Concentrations of pesticides
above 0.1 pg L™ in drinking water contravene the regulations as laid out in the
Drinking Water Directive (Council of the European Union, 1998) and cause
significant reputational and financial impact to water companies. This review
considers the relationships between the pesticides that have caused
compliance failures and historical weather data. It was found that over 50% of
the compliance failures due to pesticide detection in the UK have been caused
by the molluscicide metaldehyde and that the majority of the problematic
pesticides causing these compliance failures are considered to be polar and
mobile. An increase in the number of metaldehyde compliance failures was
found in years when a 40 mm deficit of rainfall was experienced between the
months of October and August + September. The review looks in further detail

at five different pesticides with differing physico-chemical properties known to
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have caused compliance failures and to be of particular concern for water
companies. In addition adsorption media which could be utilised in agricultural
environments were investigated to understand whether they could be applied to

prevent the onward contamination of potable water sources.

2.2 Introduction

Pesticides are a major part of most arable crop production processes. It
is estimated that around a third of crop losses are due to pests and diseases.
The use of pesticides therefore is the main way by which crop losses are
minimised and yields maximised when practicing intensive agriculture in order
to provide food and resources for a growing global population (Rowell, 1994;
Carvalho, 2006). The movement of pesticides into water courses via processes
such as run-off, leaching, sub-surface drainage and spray drift (Margoum et al.,
2006; Vallée et al., 2014) has become a major problem for water utility
companies, particularly with respect to contamination of water sources used for
drinking (ADAS UK Ltd, 2011; Tediosi et al., 2012; Severn Trent Water, 2014).
The removal of pesticides and other micropollutants from drinking water
typically involves using ozone oxidation and granular activated carbon (GAC)
adsorption during the final treatment stages (Rakness, 2005; Giribaldi, 2013).
However a number of pesticides have been shown to be difficult to remove
using these conventional treatment processes. For example, pesticides such as
metaldehyde do not adsorb effectively to activated carbon (AC) over long
periods of time and ozone is unable to oxidise the compound using
economically feasible doses (Giribaldi, 2013; Tao and Fletcher, 2013). In

Europe, the amount of pesticides allowed in drinking water is strictly regulated
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under the Drinking Water Directive legislation (Council of the European Union,
1998). Limits for single pesticides are set at 0.1 pyg L™ and there is a 0.5 pg L™
limit for total pesticides. Thus, non-compliance to these standards can have

negative impacts, both to human health and financially to the water companies.

In England and Wales between 2000 and 2016 there have been a total of
1571 water company compliance failures due to the detection of pesticides in
drinking water above the 0.1 ug L™ limit (Drinking Water Inspectorate, 2016).
These compliance failures comprised 35 different pesticides from the 248
compounds approved for use in the UK. Over two thirds of these failures have
been caused by a single pesticide, namely metaldehyde (Figure 2.1). However,
metaldehyde is not one of the most widely used pesticides as since 2009 its
application has dropped out of the top ten applied by weight (FERA, 2018). The
most regularly used pesticides in the UK between 2000 and 2016 include
glyphosate, chlorothalonil, pendimethalin, mancozeb and mecoprop-p. However

these compounds have caused relatively few compliance failures.

Pesticides are grouped into four main categories based on their
application, namely fungicides for treating plant fungal diseases, herbicides for
combating weeds, insecticides for reducing crop damage caused by insect
pests and molluscicides for targeting slugs and snails. Metaldehyde is an
example of a molluscicide and is the only representative in this category that

has caused compliance failures (Figure 2.1; 2.2).
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Figure 2.1 — Number of compliance failures caused by all pesticides detected by UK
water companies between the years 2000 and 2016 (Drinking Water Inspectorate,

2016)

After metaldehyde, the herbicide group are the next most important
group of pesticides impacting on water quality in the UK (Figure 2.2). There are
two main types of herbicide; contact and systematic. Contact herbicides only
affect the part of the plant with which they come in to contact and systematic
herbicides are absorbed by roots and/or foliage and are subsequently
translocated where they affect other parts of the plant. Contact herbicides tend
to have a shorter half-life and are more strongly sorbed to soils as compared to
systematic herbicides (Malone et al., 2004; Shipitalo et al., 2008). Due to the
need of systematic herbicides to be taken up in diluted form by the target weed

in order to be effective, they tend to be compounds that are polar and mobile.
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Figure 2.2 — Number of pesticide compliance failures by pesticide type between the
years 2000 — 2016 (Drinking Water Inspectorate, 2016)

Whether a pesticide is found in drinking water is dependent on a number
of factors, including: how the water has been treated and the treatability of the
pesticide; the amount of pesticide applied; the prevailing weather conditions and
the underlying physico-chemical properties of the pesticide. For instance, it has
been assumed that the detection of these pesticides in drinking water originated
from run-off events. In this scenario, the pesticides would be washed out from
their intended location during rainfall events rather than from acute pollution
sources such as spillages of concentrated pesticides into water courses. These
are fair assumptions given previous correlations that have been seen between
pesticide detection in watersheds and storm events (Bingham, 2007; Pérez et
al., 2017). This is supported by other studies which have found between 84 and
90% of pesticide losses occurred during storm events (Kay and Grayson, 2014).
The treatability of a pesticide is also important. For example, between 1990 and
2016 approximately 33,540 tonnes of glyphosate was used in UK agriculture,

while only 5,360 tonnes of metaldehyde was used during the same period
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(FERA, 2018). The number of compliance failures for metaldehyde (1131) far
exceeded that of glyphosate (9) even though glyphosate has a higher reported
half life (DTsp) of 15 days compared to 5.1 days for metaldehyde (PPDB, 2014)
as glyphosate is more easily removed during the water treatment process. The
structure of glyphosate is much more susceptible to breakdown by oxidation by
ozone due to its amino group (Assalin et al., 2010) compared to metaldehyde
that has a more stable ring structure. In addition, glyphosate also has a higher
affinity for adsorption with a K,. of 3.1 compared to 2.4 for metaldehyde

meaning glyphosate is more likely to be retained in soil.

Compliance failures caused by pesticides were most prominent in the
eastern region of England, notably in East Anglia (Figure 2.3). This region of
England and Wales is responsible for much of the country’s agricultural
production, especially in terms of cereals and combinable crops, with 1.42
million hectares of cereals and oilseed rape (OSR) planted in the eastern and
East Midlands regions out of a total of 3.18 million hectares planted in England
(AHDB, 2016; NFU, 2016). In cereal production, crop rotations with the
associated use of break crops are used to control pests, diseases and nutrient
cycling and ensure a good soil structure (White, 1997). A break crop is a crop
that reduces the build-up of weeds, pests and diseases in cereal crops, hence
‘breaking’ the cycle of cereals and reducing the risk of pesticide resistance
through the use of pesticides containing alternative active ingredients (Finch et
al., 2014). OSR is an important break crop and is often the most profitable

option for many farmers.
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Figure 2.3 — Combined number of compliance failures for pesticide detection within UK
regions between 2000 and 2014 (Drinking Water Inspectorate, 2016)

In the UK the amount of OSR being grown has greatly increased in
recent years. This is particularly noticeable in the Eastern regions where
croppage has increased from 68 thousand hectares in 2000 to 137 thousand
hectares in 2016 (Figure 2.4). The map regions presented in Figure 2.4 are
different from those in Figure 2.3 due to differences in how the source data was
partitioned. OSR is a crop that requires intensive use of pesticides during the
early stages of growth in order for the plant to become established (Twining et
al., 2009). There is concern amongst farmers and agronomists about the future

of a number of OSR pesticides. This is because these pesticides are the ones
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that are frequently found in drinking water. For example, metaldehyde,
clopyralid, and propyzamide were all within the top ten pesticides for
compliance failures in the period from 2008 to 2016 (Twining et al., 2009;
Clarke, 2014; Drinking Water Inspectorate, 2016). A number of voluntary
initiative schemes have been set up to try and tackle the problem but,
particularly in the case of metaldehyde, regulatory bodies and government
agencies fear that this may not be enough to sufficiently control the presence of

these pesticides in drinking water (Pendergrast, 2014).
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Figure 2.4 — Area of OSR grown in the UK (per thousand hectares) between years
2000 (A) and 2016 (B) Source: (AHDB, 2016)
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The review now focuses on five important pesticides: metaldehyde,
clopyralid, metazachlor, propyzamide and quinmerac. These have been
selected based on: their importance in causing compliance failures in drinking
water; that they are representative of a range of pesticide physico-chemical
properties; their inclusion within voluntary initiative schemes and their wide-
scale use in OSR crop production. With the increase in OSR croppage, wider
use of these pesticides is expected. In addition, the interest surrounding these
particular pesticides includes a number of factors such as their persistence in
the environment and the difficulties involved in removing them from potable
water sources. A high number of compliance failures occurred for these
pesticides in the years 2009 and 2013, 388 and 349 respectively. The
compliance failures were dominated by metaldehyde which accounted for 361
failures in 2009 and 324 failures in 2013 (Figure 2.5). In 2009, compliance
failures also occurred for clopyralid (11) and propyzamide (1). In 2013
clopyralid, propyzamide and quinmerac were also the causes of a small number
of compliance failures with 2, 3 and 2 respectively. In the years following 2013,
there were 50% fewer failures. The applications of the identified pesticides has
increased by weight over the time period covered (Figure 2.5), with applications
for metazachlor and quinmerac reaching a stabilised maximum since 2013 and
clopyralid and propyzamide applications reaching a steady state in more recent
years. The exception has been metaldehyde, which has had inconsistent
applications over the time period studied. There was no obvious correlation
between the amount of pesticide applied and the number of compliance failures

for the identified pesticides (Figure 2.5). For example, in the case of
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metaldehyde, 480,440 kg and 112,547 kg were applied in 2009 and 2013 while
the numbers of drinking water compliance failures in these years was 361 in
2009 and 324 in 2013. Likewise, for the other identified pesticides there was no
obvious link between compliance failures and the amount of pesticide that was

applied in England and Wales.
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Figure 2.5 — Compliance failures caused by identified pesticides across England and
Wales by year alongside the application (kg) for each identified pesticide (Drinking
Water Inspectorate, 2016; FERA, 2018)

As noted, there are other factors to consider other than total application
when considering whether a pesticide is likely to cause a drinking water
compliance failure. This section therefore considers the relationship between
rainfall and compliance failures by region. This is because relationships

between storm events and pesticides in run-off has been seen before in many
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previous studies (Chen et al., 2002; Bingham, 2007; Ulrich et al., 2013). The
three regions of East Anglia, the South East and the Midlands have been
chosen for this analysis due to the high numbers of compliance failures and the
extensive arable agricultural activity that takes place in these regions. Analysis
was carried out looking at the localised regional rainfall patterns with rainfall
data from the Met Office (2015) for average monthly rainfall from 2007 to 2014
against the rate of compliance failures for each region. The only correlation
observed was found between the rainfall patterns in August to October and the
number of compliance failures seen. These months are significant as they cover
the period during which metaldehyde (Lu et al., 2017) is usually applied and
when winter crops such as OSR are sown for the autumn/winter growing period
(although there is always some variability in this due to the weather dependent
nature of agricultural production). Metaldehyde is the main pesticide considered
here as it is the most significant one with regards to the number of compliance
failures it has caused. For Southern and Eastern regions (Figure 2.3), the large
numbers of metaldehyde failures coincide with regional weather conditions that
consist of a dry August and September relative to an increase in the average
rainfall during October. The impact of the relative differences in rainfall over the
three months of August to October can be seen when the difference in rainfall
between these months is plotted against the number of compliance failures
(Figure 2.6). The general trend shows that as the rainfall in October gets closer
to equalling and/or exceeding the amount of rainfall that occurred in the
previous 2 months, the number of compliance failures increases. The data

shows that a 40 mm deficit of rainfall in October compared to the combined
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rainfall during August and September, is where the threshold for the increasing
number of compliance failures starts to occur. These data suggest that dry to
wet conditions during this period pose the highest risk of compliance failures
occurring as compared to wet to wet, wet to dry or dry to dry conditions over the
same time period. The highest numbers of failures occurred in East Anglia,
although the same pattern was seen in the other regions. The extent of these
patterns therefore was a reflection of the relative magnitude of agricultural
activity that occurs in each of these regions. This implies that when considered
at a regional level, the amount of pesticides applied has an impact in terms of
the potential for compliance failures but it is the rainfall patterns that are the

main factor that affects the extent of the number of compliance failures seen.
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These results align well with previous research on the mechanisms of
pesticide mobility. Storm-flow events where increased flow is seen in drainage
systems are a large contributor to the movement of pesticides from the field into
water courses through leaching or run-off of water soluble pesticides (Maillard
et al., 2011). Heavy rainfall is therefore a contributing factor to the pollution of
drinking water sources by pesticides from agricultural run-off. The effects of
climate change are likely to impact upon the regularity at which extreme
weather events are experienced in temperate climates. As temperatures
increase, so does the ability of the atmosphere to hold moisture (Met Office,
2011; Trenberth, 2011). The evidence suggests that this will lead to longer dry
periods followed by intense periods of precipitation. This pattern would in turn
lead to a decrease in overall soil moisture coupled with an increase in run-off
(Trenberth, 2011). This outcome agrees with that seen here (Figure 2.6)
meaning in the event of these weather patterns, a likely increase in the amount
of pesticides running into water courses and subsequent compliance failures

will occur.

In order to deal with this potential increase of pesticides in run-off,
expansion and improvement of existing potable water treatment methods would
be needed. The most common means of treatment that water companies
currently utilise to deal with pesticides in drinking water is GAC, often coupled
with pre-treatment by ozonation (Evans et al., 2003; Giribaldi, 2013). Other
treatment options for pesticide removal include chlorination, reverse osmosis
and advanced oxidation processes (AOPs) where hydrox| radicals are used to

break down the pesticide compounds (Assalin et al., 2010). However,
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chlorination is not effective at oxidising many pesticides and the other methods
are capitally and operationally expensive and require high energy inputs when
used in drinking WTW. Adsorption using GAC is effective for treatment of a
range of pesticides, although compounds such as metaldehyde break through
GAC filters quickly. However, the use of adsorption media is a simple and low
energy input approach to reduce pesticide concentrations (Sophia and Lima,
2018). The relative ease of application and low energy requirement of
adsorption systems make them potentially suitable for use in agricultural
environments where they could be used to reduce pesticide concentrations.
This in turn would reduce the pesticide concentrations entering water courses
and subsequently the potential to enter into water used for potable supply. The
use of pesticide treatment ‘at source’ in the field would, if successful, reduce
any health risks associated with the presence of pesticides in potable water. It
would also reduce the risk of non-compliance, have a potential beneficial
financial impact by reducing the amount of treatment needed at the treatment
works and financial consequences from exceeding Drinking Water Directive
limits in addition to reducing the extent of shock loads during treatment.
Furthermore, this approach would benefit the environment by reducing pesticide

contact with non-target organisms.

The effectiveness of adsorption is dependent on both the properties of
the individual pesticides (the adsorbate) and the material being used as the
adsorbent. The mechanism of pesticide adsorption is usually considered in
terms of physisorption by Van der Waals forces, London dispersion forces,

hydrophobic interactions and hydrogen bonding. These are relatively weak
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forms of intermolecular forces that involve attractions between the adsorbent
and the adsorbate (Lewis and Evans, 2006; Worch, 2012; Sophia and Lima,
2018). Factors such as temperature, pH, presence of other organic molecules,
pore size distribution, external surface area and the properties of the pollutant
all have an impact on adsorption processes (Worch, 2012). The presence of
other organic contaminants present in the water is of particular importance
when considering the use of an adsorption medium in environmental
applications as preferential adsorption may occur which may inhibit the

adsorption of the target pollutant (Ayranci and Hoda, 2004; Worch, 2012).

The following section of the review considers an overall look at pesticide
physico-chemical properties and how these properties may affect the extent to
which the pesticides will adsorb to soil or associated adsorption media. The
review then focuses in on the five selected pesticides with differing physico-
chemical properties that are important both in their role in agricultural production

and of concern for potable water treatment.

2.3 Pesticide properties and their influence on removal by
adsorption

The physico-chemical properties of the selected pesticides of interest have
been compared using various coefficients that provide an indication of the likely
adsorption behaviour that will be displayed by each pesticide (see Table 2.2 for
mathematical expressions and unit derivations for each coefficient). The
adsorption partition-coefficient (Ky) is a measure of how organic molecules such
as pesticides partition at equilibrium between a sorbent and solution. In

environmental fate studies, the sorbent is usually soil. Although these tests are
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usually carried out using soil, they still give an indication of how well a pesticide
will adsorb to other substrates and so are still useful indicators when
considering other adsorption media. K4 is empirically derived from adsorption
isotherm experiments. Batch adsorption tests are carried out using a fixed mass
of a medium and by varying pesticide concentrations, or by having a set
concentration of pesticide and varying the amount of adsorption medium used.
The adsorption isotherm can then be modelled from which the theoretical
adsorption capacity can be obtained. In these experiments adsorbate and
adsorbent are mixed and a sample taken from the liquid phase after equilibrium
has been reached. The difference between the concentration of the original
solution and the concentration in the liquid phase determines the amount
adsorbed. Different K4 values may be obtained depending on the soil type used
in the experiments, making comparisons between studies difficult (Howard,
1993; Hemond and Fechner, 2015). However, the higher the Ky value, the
greater the affinity there is between the adsorbate and the adsorbent, which in
turn indicates that the compound is less likely to leach from the soil.
Researchers have proposed guidelines for pesticide chemicals, with K4 values
greater than 5 mL g™ being indicative of compounds where the risk of leaching
into surface run-off is low (Trautmann et al., 2012). The Ky also gives an
indication of the efficiency of adsorption based treatment processes. For
example glyphosate, with a Kq of 222 mL g*, should be relatively easier to

remove by adsorption than clopyralid which has a Kq value of 0.071 mL g™,

The soil organic carbon/water partitioning coefficient (Koc) value is Kg

normalised to the organic carbon content by mass of the soil. The process of
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determining the organic content of soils is described by Schumacher (2002).
This value is important because the soil characteristics, particularly the organic
carbon content, affect adsorption due to hydrophobic interactions of the organic
surface of the adsorbent with the organic adsorbate (Trautmann et al., 2012;
Washington State Department of Ecology, 2015). The higher the carbon content
of a soil, the greater the chance a pesticide will be adsorbed (PPDB, 2014)
meaning that the mobility of pesticides in run-off or from leaching into water
sources in high concentrations, is less likely (Table 2.1). This is related to the
polarity of the compound. A polar compound in water is more likely to remain in
solution as a result of dipole—dipole forces between the pesticide molecule and
the highly polar water molecule (Linde, 1994). Conversely, less polar
compounds display increased hydrophobicity which leads to a preference for
the organic compound to sorb to the non-polar regions of a sorbent surface as a

result of these hydrophobic interactions (Faust and Aly, 1998).

Table 2.1 — Pesticide mobility as a function of Ky and K, values. (Guertin et al., 2001)

Mobility Kq (ML g™ Log Kq Koe (ML g™ Log Koe
Immobile > 10 >1 > 2000 >3.3

Low mobility 2-10 03-1 500 - 2000 2.7-33
Intermediate 05-2 -0.3-3.3 150 — 500 2.2-2.7
Mobile 0.1-0.5 -1--0.3 50 - 150 17-22
Very mobile <0.1 <-1 <50 <1.7

Kt is the Freundlich coefficient that provides an indication of the capacity of

the adsorbent to adsorb an adsorbate. The Freundlich model is fitted to data

obtained from adsorption isotherm experiments as already described for K.
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The model assumes that adsorption occurs through a process of multilayer
adsorption onto a heterogeneous surface. K; is derived from a log-log plot of the
final equilibrium concentration, obtained against the amount of pesticide
adsorbed per mass of adsorbent. K; is obtained from the intercept of the
regression line through the data (Tan, 2011). For the Freundlich model, 1/n is
an experimental value derived from the slope of the regression line. It is linked
to the surface heterogeneity of the medium being used, a value close to 1
indicates a more linear sorption (Saha et al., 2013). Other models such as the
Langmuir model, which describes monolayer adsorption, are also often used,
however it is often the Freundlich model that gives a better fit to the
experimental data when describing pesticide adsorption (Baskaran et al., 1996;

Crittenden et al., 2012; Ghafoor et al., 2013; Khan and Brown, 2017).

The octanol-water coefficient (log Kow) is a measure of the hydrophobicity of
a compound. This shows whether a pesticide has a preference for being in
water or whether it is more likely to dissolve in the organic phase. Octanol is
used due to its similar carbon to oxygen ratio to that of lipids (8:1), which are
very hydrophobic. This means that octanol is non-miscible with water and so
clearly separates the organic and non-organic liquid phases (Harrison, 2007).

The polarity of a pesticide is inferred from its associated Ko, value.

The solubility of a compound in water is the amount of pesticide (in mg) that
can dissolve in 1 L of water at a set temperature (usually 20°C). Initially, the
solubility of a compound is estimated by increasing the volume of water until the
solute is visually dissolved. Then, one of two methods is followed to more

accurately determine solubility (OECD, 1995). In the column method an inert
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substance is coated in the solute material and solubility is determined by the
mass concentration eluted from the column once equilibrium is reached. In the
flask method, a known volume of water is saturated by the compound of interest
at a temperature higher than the set temperature. After 24 h of agitation at the
higher temperature, the solution is cooled to the test temperature then
centrifuged. A sample is then taken from the aqueous phase and the compound
analysed using the most appropriate means, for example liquid chromatography
(LC) or gas chromatography (GC) coupled with mass spectrometry (MS)
(OECD, 1995). A compound with a high solubility would indicate a preference to
be in the water phase and therefore is likely to have a higher mobility (Muller et

al., 2007; Dordio and Carvalho, 2013).

The acid dissociation constant (pKa) is an indicator of the pH at which a
pesticide will dissociate and change ionic state. The maximum amount of
adsorption is expected to occur at a pH close to the pKa of the pesticide
(Schwandt et al., 1992; Clayden et al., 2001; PPDB, 2014). This is because at
these pH, the molecules exist in an undissociated state where they are
protonated and uncharged and so are in a more hydrophobic state and
therefore have a preference to adsorb rather than be in solution (Baskaran et
al., 1996; White, 1997; Strawn et al., 2015). The most common method of
determination is by titration through the addition of an acid or base of a known
concentration to a known volume of pesticide solution until a neutral pH is

reached (Environmental Protection Agency, 1996).
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Table 2.2 — Summary of co-efficient parameters used to define physico-chemical

properties of pesticides and adsorbents.

Coefficient Symbol | Units Equation Function Reference
parameter
Adsorption Ky mL g'1 K= A Describes the extent | (Thrasher et al.,
partition Gi of adsorption for a 2004; Tran et al.,
coefficient A = Mass of sorbate | given sorbent 2015)
adsorbed
C; = Mass of sorbate
in solution
Soil organic Koc mL g'l Describes the (Environment
carbon/water K. =K. x 100 partitioning of the Protection Agency,
partitioning ¢ T % ghoc sorbate between the | 2000; Chemicals
coefficient organic carbon in the | Regulation
%oc =percentage of soil and water Directorate, 2012;
organic carbon in soil PPDB, 2014)
sample
Freundlich Ks gug g'l)(pg L q=K C% Describes the (Environment
coefficient )l " B f ) adsorption capacity Protection Agency,
K¢ = adsorption of an adsorbent 2000; PPDB, 2014)
capacity material
C = chemical
concentration in
solution
K& n = empirical
constants
Octanol water | Koy mg L™ or mol ow = aC) Describes the (Finizio et al., 1997;
coefficient L™ A(ag) hydrophobicity of a Worch, 2012;
compound Molyneux, 2014)
Ae = Amount of depg_ndgnt upon its
substance dissolved | Partitioning between
in octanol at an organic solvent
equilibrium (octanol) and water
Aag) = Amount of
substance dissolved
in water at
equilibrium
Solubility in - mg L™ - Describes the (Ulrich et al., 2013;
water amount of chemical PPDB, 2014)
that will dissolve into
a given amount of
water at a given
temperature (usually
reported at 20°C)
Log of pKa Dimensionless | pKa = -log K, Describes the (Montgomery, 2007;
dissociation strength of an acid Pillai et al., 2009;
constant Where K. is: via the ratio of ions Paszko, 2014)
: +]T ] to acid. Usually
_ [H*][A” ;
a=( T ) reported in log form
H'& A = ions
HA = acid
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To determine whether there were any relationships between the
frequency of compliance failures and the physico-chemical properties of the
pesticides, the mobility (log Koc) and polarity (log Koyw) indicator values for each
chemical were plotted against the failure frequency (Figure 2.7) for the 35
pesticides that have been recorded as causing compliance failures between
2000 and 2016. This gives an overall indication of the trends between pesticide
physico-chemical properties and compliance failures. Pesticides were
categorised as mobile if their log Koc was <2.7 mL g™ based on the definition of
mobility (Guertin et al., 2001). Above this value, pesticides were considered to
have low mobility or be immobile. A pesticide was considered polar if its log Kow
was <3 based on values in the PPDB (2014). This is because there is a low
chance of bioaccumulation (low-moderate) at this K, compared with Kg, >3
which are non-polar compounds where high bioaccumulation is seen. This is
because these molecules prefer to partition in the octanol rather than water

phase.

A polar compound with a low K. value infers that the compound has a
preference to be in water rather than be adsorbed on to the organic content
within the soil. This in turn means that during storm events, these are the
compounds that are more likely to be removed from the field by water run-off
and therefore these are the compounds that are most likely to influence drinking
water quality. The data in Figure 2.7 generally agrees with these principles in
that the majority of compliance failures were found for pesticides within or close
to the boundary of the polar, mobile category. The average number of failures in

the polar mobile category was 67 as compared to the other categories where
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the average numbers of failures were all lower: polar immobile 8.5; non-polar

mobile 6.25; non-polar immobile 7.2.

Polar,
immobile
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~
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Figure 2.7 — The relationship between the physico-chemical properties of pesticides
and drinking water compliance failures within the UK between 2000-2016. Size of the

bubble is relative and indicates number of failures out of a total of 1571. Adapted from
(De Smedt et al., 2015). Sources: (EFSA, 2006a, 2006b, 2007b, 2009b, 2009c, 2014;

PPDB, 2014; Drinking Water Inspectorate, 2016; Kegley et al., 2016)

The next section looks in detail at specific problem pesticides in potable

water in the UK. The physico-chemical properties of each pesticide are described

alongside a review of the literature for studies which describe associated

adsorption studies.
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2.3.1 Clopyralid

Clopyralid is a synthetic herbicide which affects cell elongation and
respiration of the target weed (Tomlin, 2009). It is described as an auxin-like
compound, meaning that it mimics a specific type of plant hormone (the auxin
class). Clopyralid is used for the control of broad-leaved weeds (Gu et al., 2011;
Momcilovic et al., 2014). It has a structure (Table 2.3) based around the
pyridine molecule (Momcilovic et al., 2014; PPDB, 2014). Clopyralid is acidic
and under most natural environmental pH conditions and is likely to be found in
its anionic form (Celis et al., 2012). Its acidic nature means that the solubility in
water of clopyralid is dependent upon pH. Due to its low Kq value of 0.071 mL g
! (Table 2.3), clopyralid does not adsorb well to soil particles and so is highly
mobile (Table 2.1) with the potential to contaminate groundwater (Soji¢ et al.,
2009) and surface water. The low Ko (5 mL g™) coupled with its low Ko, value
(-2.63) suggests that organic matter will not be a suitable adsorbent for the
removal of clopyralid and that the pesticide will have a strong preference

towards being in the water phase.
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Table 2.3 — Clopyralid pesticide properties

Coefficient Value Range Medium Reference
parameter
Molecular 192 - -
mass
Chemical CsH3CILNO, - -
formula
Structure O (Advanced
o N ‘ Chemistry
— e Development Inc.,
= | OH 2015)
\'\
Cl
Kqd 0.071mig* 0.032 — Soil (EFSA, 1997,
0.151mL g* PPDB, 2014)
Koc 5mlg* 3.43-7.34 | Soil (EFSA, 1997,
mL g* PPDB, 2014)
Ks 0.0126 mig* 0.0054 — Soil (EFSA, 1997)
0.0267
mL g*
1/n 0.6473 0.3881 — Soil (EFSA, 1997)
0.8602
Log Kow -2.63 - - (PPDB, 2014)
Solubility in 143000 mg L* 118000 — - (EFSA, 2005z3;
water 157000 PPDB, 2014)
mg L*
(pH range 5
-9)
pKa 2.01 - - (PPDB, 2014)

The main route of environmental degradation of clopyralid is through

microbial degradation, with the rate being dependent upon the initial pesticide

concentration and the soil practices such as tillage (Schitz et al., 1996; Tomlin,

2009). Microbial degradation is decreased under cold, dry or anaerobic
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conditions (Marin Municipal Water District, 2010). Clopyralid has been seen to
be persistent in immature composts of grass clippings where it can cause
problems for some sensitive plant species which show phytotoxicity symptoms if
grown in clopyralid contaminated compost. It was suggested, however, that part
of this issue may have been due to a lack of consideration given to the pesticide
labelling and proper use (Blewett et al. 2005; Marin Municipal Water District

2010).

A number of studies have concentrated on AOPs rather than adsorption
as a removal method for clopyralid (Momcilovic et al., 2014). However chitosan
coated montmorillonite clay (Celis et al., 2012) and carbon cryogel (Momcilovic
et al., 2014) are two adsorbents that have been studied for the removal of
clopyralid. The maximum adsorption capacity seen for carbon cryogel was 16
mg g™ which was found in acidic solutions when the clopyralid molecule was in
its dissociated anionic form. This was shown to form an electrostatic attraction
with the positive surface of the carbon cryogel (Momcilovic et al., 2014).
Similarly, chitosan-montmorillonite was better able to adsorb clopyralid under
acidic conditions. Again this was due to clopyralid being in a negatively charged
state and electrostatic interactions occurring with the positively charged surface
of the medium (Celis et al., 2012). The authors suggest that chitosan-
montmorillonite could be successful in removing other organic pollutants such
as other pesticides, pharmaceuticals or personal care products from water so

long as the pollutants were in an anionic form.
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2.3.2 Metaldehyde

Metaldehyde is a molluscicide used for the protection of crop plants
against slugs and snails (Zhang et al., 2011). When consumed, it causes
mollusc pests to excrete excessive amounts of mucus, causing death by
desiccation as the compound is broken down from metaldehyde to
acetaldehyde (Castle et al., 2017). However death can be prevented under wet
or humid conditions (Wilkinson, 2010). Metaldehyde is a tetramer of
acetaldehyde (C,H4O) (Tomlin, 2009; Busquets et al., 2014). Metaldehyde has
a fairly stable structure (Table 2.4) and is not easily degraded under anaerobic
conditions. It is polar in nature meaning any interactions with suspended
organic matter will be weak and so it will become easily desorbed (Busquets et
al.,, 2014). The Ky and K; values for metaldehyde are low indicating little
adsorption to soils will occur and so the compound is likely to be mobile in the
environment. The K, value and range suggest that some interaction with
organic matter could occur although this is still not high enough to prevent the
pesticide from being mobile in the environment as seen from the high number of

compliance failures that this pesticide has caused (Figure 2.1).
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Table 2.4— Metaldehyde pesticide properties

Coefficient Value Range Medium Reference
parameter
Molecular 176.21 - -
mass
Chemical C8H1504 - -
formula
Structure HQCL (Advanced Chemistry
Development Inc.,
gjxi// Oif”’ 2015)
Kg 0.234mL g* 0.103 - Soil (Defra, 1996)
0.436
mL g™
Koc 240 mL g* 15-240 Soil Value: (PPDB, 2014)
mL g™ Range: (Defra, 1996)
Ks 0.69mLg* 0.432 — Soil (EFSA, 2009c; PPDB,
0.977 2014)
mL g™
1/n 0.96 0.675 — Soil (EFSA, 2009c; PPDB,
1.023 2014)
Log Kow 0.12 - - (EFSA, 2009c; PPDB,
2014)
Solubility in 188 mg L™ 188 - 196 - (EFSA, 2009c; PPDB,
water mg L* 2014)
pKa n/a - - (EFSA, 2009c; PPDB,

2014)

Metaldehyde as a problem in drinking water was first reported by Bristol

Water in 2007. Prior to this, methods were not available to detect the pesticide

below the threshold limit of 0.1 ug L™. Since its initial discovery by Bristol Water,

metaldehyde has been found at levels exceeding the Drinking Water Directive

limit by other water companies around the UK (Bristol Water, 2009; Wilkinson,
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2010; Drinking Water Inspectorate, 2016). Due to the problems encountered
with the removal of metaldehyde from drinking water by adsorption on to GAC,
in addition to the high energy and cost inputs required for other treatment
methods such as AOPs, catchment management has been the main method
used to try and reduce the amounts of the pesticide entering water sources
used for drinking water (Marshall, 2013). Schemes such as Severn Trent
Water’s product substitution plan have been trialled to encourage farmers to
switch to less problematic molluscicides such as ferric phosphate (Severn Trent
Water, 2014). There are also campaigns such as ‘Get Pelletwise’ promoted by
the metaldehyde stewardship group (Metaldehyde Stewardship Group, 2015).
These endorse best practise methods and advice for farmers working with

metaldehyde.

Up until now, removal of metaldehyde from drinking water has proven
difficult. A number of new adsorption media have emerged that appear to have
some promise. One of these is phenolic carbon (Busquets et al., 2014). These
are AC beads synthesised from phenolic resin. The benefits of using phenolic
carbon are that they can be “tailored” by controlling surface charge and porosity
in order to increase the chances of adsorption for specific compounds.
Busquets et al. (2014) have developed phenolic resins with pore sizes in the
nano-porous range (<2 nm). These nano-porous phenolic carbons have
reported metaldehyde removal rates of 76 mg metaldehyde per g carbon which
iIs much greater than conventional GAC which has removal rates of 13 mg
metaldehyde per g carbon (Busquets et al.,, 2014). Saratech is a polymer

derived AC similar to the phenolic resins. Experimental work has shown that the
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Saratech adsorbents show good removal of metaldehyde (>99.9%) exceeding
the capacity of a commonly used AC (F400) which achieved around 90%

removal (Jonsson et al., 2015).

Another medium reported to posess removal capabilities of metaldehyde
is Osorb (ABS Materials, 2014). Osorb is an organo-sillica nanoparticle that
swells upon contact with organic molecules. Its porous and hydrophobic surface
makes it suitable for pesticide adsorption via hydrphobic interactions with some
versions of the medium reported to have good removal of metaldehyde similar
to the performance of standard GAC with removals around 90% (ABS Materials,

2014; Jonsson et al., 2015).

2.3.3 Metazachlor

Metazachlor is a synthetic residual herbicide used mainly for the
protection of oilseed rape (Mohr et al., 2007; PPDB, 2014). It is an example of a
chloroacetamide substance (Mohr et al.,, 2007; PPDB, 2014).The pesticide
works by hindering the production of very long chain fatty acids, preventing
metabolism and cell division during plant growth (Mohr et al., 2007). The low Kg,
Koc and K; values all show that little interaction with soil or organic matter is
likely to occur and therefore low levels of adsorption seen in the environment
(EFSA, 2008). The K4 and K, values make metazachlor an intermediate/mobile

pesticide according to the mobility categories previously defined (Table 2.1).
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Table 2.5 — Metazachlor pesticide properties

Coefficient | Value Range Medium Reference
parameter
Molecular 277.75 - -
mass
Chemical C14H16CIN3O - -
formula
Structure /0 (Advanced
m—CHg—c\ \ Chemistry
N CH;/N\/j Development
weL__on = Inc., 2015)
=
Kg 0.78 mLg* 0.37 - Soil (EFSA, 2005b;
1.659 PPDB, 2014)
mL g™
Koc 54 mLg™ 29.2-73.1 | Soil (EFSA, 2005b;
mL g* PPDB, 2014)
K 1.02mL g™ 0.65-4.4 | Sail (EFSA, 2005b;
mL g™ PPDB, 2014)
1/n 0.865 0.68-1.1 Soll (EFSA, 2005b)
Log Kow 2.49 - - (EFSA, 2005b;
PPDB, 2014)
Solubility in | 450 mg L™ 433 - 450 - (EFSA, 2005b;
water mg L* PPDB, 2014)
pKa n/a - - (EFSA, 2005b;
PPDB, 2014)

Metazachlor undergoes microbial degradation in aerobic soil (Tomlin,
2009), although it is described by the European Chemicals Agency (2011) as
not being readily biodegradable. It is also resistant to breakdown via hydrolysis
or photolysis, with DTs, values of over one hundred days for a range of
environmentally relevant temperature and pH values (European Chemicals

Agency, 2011). In order to try and reduce the impact of metazachlor in water, a
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number of pesticide manufacturers have set-up a voluntary stewardship
initiative. The aim is to try and encourage farmers to use best practice with
suggested precautions to reduce the amount of pesticide getting into water
sources. The stewardship group warns that if measures are not taken then
metazachlor may end up becoming a restricted use pesticide and therefore
impact crop protection for oilseed rape against blackgrass and broad-leaved

weeds (BASF, 2015).

There have been few studies that have looked at the sorption of
metazachlor, with most work concentrating on the indirect effects of
metazachlor on macrophytes and soil microflora (Beulke and Malkomes, 2001,
Mohr et al., 2007). Beulke and Malkomes (2001) found that more adsorption of
metazachlor occurred with soils that had higher organic carbon content.
However, the soils with higher organic carbon content also displayed less
microbial degradation. Additionally, although the parent compound was not
tested, the two main metabolites of metazachlor, metazachlor oxalic and
metazachlor sulfonic acid, showed only weak adsorption to soil and adsorption

was not significantly improved by the addition of biochar (Dechene et al., 2014).

2.3.4 Propyzamide
Propyzamide is a selective systematic herbicide that is used for the
control of annual grasses, particularly black grass, on a range of crops but
notably oilseed rape (Mersie and State, 1995; Tomlin, 2009; Tediosi et al.,
2012; PPDB, 2014). It is an example of a benzamide chemical (Tomlin, 2009;
PPDB, 2014). The K4 and Ko values of propyzamide put it in the ‘low mobility’

category (Table 2.1) meaning that some interaction with soil and organic matter
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is likely to occur. The relatively high K4, Koc and Ko, values suggest that
propyzamide will be easier to remove from water by adsorption compared to the

other pesticides reviewed here.

The regular detection of propyzamide in drinking water has been in line
with an increasing use of the pesticide alongside an increase in oilseed rape
cropping (HGCA, 2009). Due to propyzamide being a key pesticide for
blackgrass control in oilseed rape, it is another one of the pesticides that has
been identified in the voluntary initiative scheme, where advice has been given
on its use, reducing its presence in watercourses and to prevent it becoming

restricted use which could cause problems for growers (Pendergrast, 2014).
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Table 2.6- Propyzamide pesticide properties

Coefficient Value Range Medium Reference
parameter
Molecular 256.13 - -
mass
Chemical C12H8C|N02 - -
formula
Structure ¢l (Advanced Chemistry
CH Development Inc.
/ 1
@\/ // 2015)
e NH
of I o
O HsC :
Kg 5.5mL g™ 3.2-10 Soil (European
mL g-l Commission, 2003;
PPDB, 2014)
Koc 840 mL g* 548 - 1340 Soil (European
mL g™ Commission, 2003;
PPDB, 2014)
Ks 58mLg™" 3.15-10.10 Soil (Orrick, 2007)
mL g™
1/n 1.09 1.00 - 1.22 Soil (Orrick, 2007)
Log Kow 3.3 3-3.3 - (European
Commission, 2003;
Orrick, 2007; PPDB,
2014)
Solubility in 9mgL*? 8.5-15 - (European
water mg L™ Commission, 2003;
Orrick, 2007; PPDB,
2014)
(20 - 25°C,
pH range 4 -
9.6)
pKa n/a - - (European
Commission, 2003;
PPDB, 2014)
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Propyzamide is most effectively degraded chemically through the
cyclisation of the parent compound to inactive intermediate products (Walker
and Thompson, 1977). Results from Zandvoort et al. (1979) suggest that
improved adsorption of propyzamide occurs on soils with a higher organic
carbon content. There was no indication in this study that the clay portion of the
soil had any impact on adsorption. This is supported by Fenoll et al. (2011) who
found better propyzamide adsorption to occurred in soils amended with either
spent coffee grounds or composted sheep manure due to high levels of
linnocellulosic biomass providing additional adsorption sites. Cantier et al.
(1986) relate propyzamide adsorption to hydrophobic parameters and suggest

that chemical degradation occurs when the pesticide is adsorbed.

2.3.5 Quinmerac

Quinmerac is another synthetic auxin-type herbicide (Despotovi¢ et al.,
2012). It is a selective herbicide primarily used to control weeds such as
cleavers (Galiumaparine) in sugar beet, oilseed rape and wheat (Deechauer
and Kogel-Knabner, 1990; Despotovi¢ et al., 2012). It is acidic in nature and has
a quinoline-carboxylic acid structure (Table 2.7) (Schwandt et al., 1992;
Despotovi¢ et al.,, 2012). Quinmerac is often used in combination with
metazachlor to improve crop protection (Clarke, 2014). The environmental pH
has a large impact on the solubility of quinmerac in water, with a solubility
ranging from 210 mg L™ at pH 4.2 to 107,000 mg L™ at pH 7 (Schwandt et al.,

1992; EFSA, 2007a).

43



Table 2.7— Quinmerac pesticide properties

Coefficient Value Range Medium Reference
parameter
Molecular mass | 221.6 - -
Chemical C11H8C|N02 - -
formula
Structure 0. _OH (Adva_nced
= Chemistry
cl N Development Inc.,
= 2015)
= CH3
Kg 0.84mLg™ 0.03-12 Soil (Deechauer and
mL g* Kogel-Knabner,
1990; Schwandt et
al., 1992; EFSA,
2007b)
Koc 86 mLg* 19.2-184.8 Soil (EFSA, 2007b;
mL g* PPDB, 2014)
Ks 0.59mL g™ 0.06 - 1.20 Soil (EFSA, 2007b;
mL g™ PPDB, 2014)
1/n 0.88 0.75-0.96 Soil (EFSA, 2007b;
PPDB, 2014)
Log Kow -1.41 1.17 --4.41 - (EFSA, 2007b;
10)
Solubility in 107,000 mg L™ 210 mg/L- |- (Deechauer and
water 107000 Kogel-Knabner,
mg L™ 1990; Schwandt et
al., 1992; EFSA,
2007b; PPDB,
2014;)
pKa 4.31 29-52 - (Schwandt et al.,
1992; EFSA, 2007b;
PPDB, 2014;)
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The Ky range for quinmerac spans the entire mobility spectrum from
immobile to very mobile with the K,. values ranging between very mobile to
intermediate mobility depending on the pH of the soil. The K, value of 86 mL g
! comes from an average of the Kocs found for the four soils used in the study
with pHs ranging from 6 to 7.7 (Defra, 1998). These factors all lead to the
conclusion that the removal of quinmerac from water will be greatly dependent

upon the surrounding environmental conditions.

Adsorption of quinmerac is highly dependent upon pH, due to the partial
negative charge of the quinmerac molecule interacting with multivalent cations
such as Ca®" (Deechauer and Kogel-Knabner, 1990). The cation acts as a
bridge between the negative surface charge of the soil and the partial negative
charge of the quinmerac molecule. This mechanism occurs when the pH is
above 5.5, while hydrophobic interactions are the main sorption mechanism
below this pH (Deechauer and Kogel-Knabner, 1990; Schwandt et al., 1992).
Ochreous sludge and synthetic ferrihydrite have been suggested as materials
which could remove quinmerac by adsorption due to their high surface area and
the electrostatic interactions which may occur between anionic quinmerac and
the positively charged surface of the Fe based media under acidic conditions

(Schwandt et al., 1992; Dudeney et al., 2004).

The main degradation pathway of quinmerac seems to be
photodegradation as quinmerac is resistant to hydrolysis, while microbial
breakdown was not shown to be a major contributory factor in its degradation
(Defra, 1998). Photodegradation was shown to occur quickly under direct UV

exposure, using xenon lamps with average intensities of 78,400 lux (Defra,
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1998). However, under normal environmental illumination, degradation would
be much slower due to lower light intensities (normally between 20,000 lux on a
cloudy day, up to 70,000 lux on a sunny day (Defra, 1998)). Despotovi¢ et al.
(2012) showed successful degradation of quinmerac using UV and TiO;
treatment. However, the rate of degradation was much decreased when testing
with raw water as organic matter present at much higher concentrations than
the pesticide can consume the OH radicals produced and thus lower the rate at

which it is able to react with the quinmerac molecule and break it down.

2.4 Comparison of removal of pesticides by adsorption

The pesticide properties focused on in this review have been compared
with other commonly applied pesticides in Europe with respect to their polar and
mobility properties (Figure 2.8). The majority of the pesticides reviewed fall into
the polar mobile category as described previously. Only propyzamide falls into
the immobile category as described previously (Figure 2.8) with a log K, of 2.9.
It is therefore expected that propyzamide detection in run-off will be

comparatively lower than the other pesticides.
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Figure 2.8 - Pesticide properties in terms of their polarity (Log Ko,) against their
mobility (Log K.;) adapted from (De Smedt et al., 2015). All pesticides are those
mentioned throughout the pesticide section of this review. Highlighted pesticides are

the five identified pesticides focused on.

Pesticides with a log Ko value below 3 are considered to be hydrophilic
and thus are an indication of being polar (PPDB, 2014). A log K, above 3 is an
indication of a substance being hydrophobic and therefore these compounds
have the potential to bioaccumulate as there is a preference for these
compounds to bind to organic matter and lipids in plants and animals (Stuart
and Lapworth, 2011; Lymer and Jones, 2014; De Smedt et al.,, 2015). Most
pesticides have a log Ky below 3 which is the reason why many pesticides
persist in water sources (Lymer and Jones 2014). Quinmerac and clopyralid are

both very polar compounds, with log Koy values of -1.41 and -2.63 respectively
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and so are expected to be some of the most pesticides difficult to remove from
water by adsoprtion. Media that have charged surfaces are likely to be more
successful for the removal of these compounds by electrostatic attraction due to
their more polar nature. In principle, metaldehyde should be easier to remove
by adsorption compared to clopyralid and quinmerac due to its relatively higher
log Koc (2.38) and log Koy (0.12) values. However, this has not been the case as
seen by the high frequency of compliance failures it has caused. This may be
because of metaldehyde’s stable ring structure or because metaldehyde has
only single bonds, it can change conformation (3D structure) and so its polarity,
and therefore its adsorption, is not constant (Anet, 1974). The development of
new phenolic based ACs with high surface areas may help to capture
metaldehyde. Metazachlor has a lower log Ky, value of 2.49 so is less polar
than metaldehyde, clopyralid and quinmerac which all have lower Ko, values
and so should be relatively easier to remove from water. It does, however, have
a low Ky value (1.73) that is in a similar range to other pesticides such as
simazine and atrazine. Although metazachlor has not itself caused many
compliance failures (only 2 which occurred in 2012) its K,c and K, are similar to
other pesticides known to have been problematic in the past including atrazine,
carbofuran (Figure 2.8). This may be due to factors such as lower application

rates or a shorter DTs in the solil (typically 8.6 days, PPDB, 2014).

The five pesticides considered in detail in this review can be seen to be
representative of the different K, and Ko, properties of the majority of
pesticides used in Europe and the UK. The groupings indicate that polarity and

mobility are important factors in designing an effective herbicide that is able to
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move within its environment in order to be taken up by the target weeds.
Conversely, this also means that the majority of herbicides have physico-

chemical properties that inherently make them a threat to water quality.

2.5 Adsorption media

The most common place for adsorption processes to be applied for
removal of pesticides is at the WTW. However, a number of studies have
explored the possibility of utilising adsorption media as soil amendments
(Cabrera et al., 2014; Shou et al., 2016) or in constructed wetlands (Dordio et
al., 2007; Dordio and Carvalho, 2013) to prevent pesticides moving into water
courses. The main pathway by which pesticides enter into water courses occurs
following heavy rain events. During storm events, pesticide concentrations in
streams can increase by up to 20 times that which can occur at base flow
(Spalding and Snow, 1989; Laabs and Amelung, 2002). It is these pesticide
peaks that cause problems for drinking water quality if abstraction for drinking
water occurs downstream of where the contaminated run-off joins a larger water
source. During storm events, pesticides are transported into larger water bodies
very quickly preventing natural degradation or mineralisation processes from
taking place. Evidence suggests that in rural sustainable drainage systems
(RSuDS), soluble contaminants are only likely to be effectively removed if high

retentions times (days) are present (Avery, 2012).

As adsorption processes can occur more quickly when compared to
natural degradation in water (seconds/minutes compared to hours/days) (Gevao
et al., 2000), it may be possible to use an adsorption medium to attenuate

pesticide run-off from agricultural environments. The idea of utilising adsorption
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media in wetland systems has been explored in a number of other studies. Most
concentrate on the use of different media for the removal of P from treated
wastewater (Brix et al., 2001; Bachand, 2003; Carr, 2012). Some studies have
also investigated the removal of pesticides from agricultural wastewater across
wetland systems (Dordio and Carvalho, 2013). The proposed principle here is
that using an adsorption medium in constructed wetlands on agricultural land
slows the flow of water into wider water courses while simultaneously removing
the contaminants by adsorption, thus preventing concentration peaks appearing
downstream. ldeally the pesticides will adsorb on to the medium and be
retained so that microbial degradation can then occur. A number of different
media may be suitable to for this role. The following section reviews a number

of candidate materials that have been applied in the role of pesticide removal.

2.6 Materials made from carbon
2.6.1 Granular activated carbon
AC is produced through a series of heating steps involving the regulation
of oxygen and steam to raw carbonaceous material such as coal, lignite and
coconut shell. Out of these AC produced from coconut shell has been found to
have the highest surface areas and can exceed 1000 m? g* (Parsons and

Jefferson, 2006).

Granular activated carbon (GAC) is the standard means of removing
pesticides from drinking water by adsorption at drinking WTW (Stuart et al.,

2011). The large surface areas of typically 300 — 2500 m? g* and highly
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microporous structure of GAC make it an effective adsorbent for treatment of
pesticide contaminated water (Jusoh et al., 2011). GAC particles are typically
around 1 mm in diameter (Velten et al., 2011; Gibert et al., 2013). Powdered
activated carbon (PAC) is also used in water treatment, this is the same
material as GAC but has a smaller particle size distribution, typically around 0.1
mm (Parsons and Jefferson, 2006). PAC is generally added into stirred tanks in
the treatment works during seasonal periods when pesticide presence is higher.
This is because PAC only needs a short contact time as the rate of adsorption
is much faster compared to an equivelent dosage of GAC (Faust and Aly, 1998;
ADAS UK Ltd, 2011). GAC is usually used in contactors where water flows
through a fixed bed of the media. GAC is the most well established adsorbent in
water treatment and has been shown to adsorb a number of different pesticides
such as atrazine and chlorpyrifos, dependent on the physico-chemical
properties of the pesticide (Snyder et al., 2007; Jusoh et al., 2013; Pham et al.,
2013; Sophia and Lima, 2018). GAC could be applied within the agricultural

environment in the form of an amendment to a constructed wetland.

2.6.2 Biochar

Biochar is charcoal-like carbon based material produced by the heating
of waste biomass in a low oxygen atmosphere (Sophia and Lima, 2018). The
properties of the biochar depend on the feedstock and methods by which it was
produced as the biochar will keep the pore structure of the original feedstock
(Mohanty et al., 2018). Biochar lacks the activation steps used to produce active
carbon and so has a lower overall surface area. For example biochar produced

from hickory chips had a specific surface area (SSA) of 12.9 m? g* and 15.3 m?
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g’ SSA for biochar produced from bagasse (Xu et al., 2016; Mohanty et al.,
2018) while AC is typically >1000 m? g* (Parsons and Jefferson, 2006). The
lower energy input needed to produce biochar compared to AC makes it a
potential cost effective alternative, however it does not have as high a removal
capacity for organic pollutants compared to ACs in most instances (Inyang and
Dickenson, 2015; Mohanty et al., 2018). Biochar has been found to be an
effective adsorbent for relatively mobile pesticides such as MCPA (2-methyl-4-
chlorophenoxyacetic acid) and diuron with leaching reduced by 30 to 90% but
was less effective for glyphosate and chlorpyrifos with leaching reduced by 1 to
20%. However, adsorption was improved when the biochar was applied as a
distinct layer in the adsorption column as opposed to mixed in with the substrate
which, in the case of this study, was sand (Cederlund et al., 2017). Therefore
biochar would best be used as a medium within a constructed wetland. Biochar
has been shown to outperform AC for the removal of mercury from wastewater,
this has been attributed to the higher number of C=0 and C=C binding sites on

biochar compared to AC (Xu et al., 2016).

2.6.3 Phenolic resins

Phenolic resin-derived ACs appear to be a promising medium for
removal of pesticides, particularly those compounds that have been shown to
be poorly removed by conventional AC. This includes pesticides such as
metaldehyde and clopyralid (Busquets et al., 2014; Jonsson et al., 2015).
Custom made AC beads manufactured from porous phenolic resin have been
proven to be effective for removal of pesticides, with the most effective formed

from cross-linked resins and ethylene glycol at a proportion of 10:25 (Busquets
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et al., 2014). The beads are manufactured by placing them in an ethylene glycol
solution to help form the pores, followed by heating in an inert mineral oil at
160°C. A further heating step follows in order to carbonise the beads. The
beads contain nano- (<2 nm) through to meso-pores (2-50 nm), in the size
range of 125-250 um (Busquets et al., 2014). Busquets et al. (2014) found that
the smaller the pore size, the faster the uptake of metaldehyde occurred and so
the faster equilibrium was reached. Medium with a bead size <45 um reached
adsorption equilibrium within 10 minutes, while the optimum time for the most
effective uptake of metaldehyde was 30 minutes for the 125 -250 um sized
beads. All of the bead sizes had similar surface areas, (derived from Brunauer-
Emmett-Teller (BET) N adsorption - desorption) in the range of 1166-1188 m? g
! It was thus concluded that the narrower pore size distribution and a shorter
diffusion pathway located on the smaller beads contributed to higher
metaldehyde uptake. Additionally, medium with a high point of zero charge
(PZC) had a higher uptake of metaldehyde due to the positive surface charge
on the medium at a wider range of pHs due to the presence of protonated
carboxylic acids and basic functional groups. The PZC is the pH at which a
surface has no detectable charge. At pH below the PZC, a surface will be
positively charged and at pH above the PZC a surface will be negatively
charged (Mcelroy, 2005; University of Texas, 2009). Busquets et al. (2014)
state that the data appears to show the phenolic resin-derived carbons do not
clog under conditions of high levels of organic matter in column tests using raw

water. This could make it ideal for use infield conditions. However, as these
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carbons have been tailored for metaldehyde removal, their use in removing

other pesticides may be limited.

A similar commercially available phenolic derived AC (Saratech), has
been produced in a similar way to that described above in a number of different
forms (Blucher, 2015) including a spherical bead variety similar to that
described by Busquets et al. (2014). These beads are porous and hydrophobic,
both properties that help to promote adsorption of hydrophobic compounds
(Thrasher et al., 2004). Batch experiments have shown that Saratech showed
superior adsorption of metaldehyde compared to conventional AC, with
concentrations around 100 times lower than that found with an equivalent mass

of GAC (Jonsson et al., 2015).

2.6.4 Organic matter

Materials with high organic matter content generally adsorb pesticides
well, as shown by the higher adsorption rates of acid herbicides in soils with
high organic matter content (Deechauer and Kogel-Knabner, 1990; Kuo and
Regan, 1999). This is because the humin, the insoluble portion of soil organic
matter, has surfaces with a high proportion of reactive functional groups such as
hydroxyls and carboxylic acids, which are able to act as cation binding sites
suitable for the adsorption of anionic pesticides (Kadlec et al., 2006; Drori et al.,
2008). Kuo and Regan (1999) found that spent mushroom compost containing
high amounts of organic matter (around 20% by mass) displayed better
adsorption (up to 130 mg g™ removal of carbaryl) for both single and multiple
pesticide mixes compared to a number of different naturally occurring soil types

(40 mg g for silt to 100 mg g* for silty clay loam). Banana peel was found to be
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a successful adsorbent for the removal of the pesticide atrazine, with up to 98%
removal from treated water, although this was reduced to 39 - 57% when tested
with river water. It was postulated that adsorption occurred due to the presence
of pectin in the banana peel, which has a high number of hydroxyl groups that
provide suitable binding sites (Silva et al., 2013). Additionally, improved
adsorption of propyzamide has been seen in soils amended with spent coffee
grounds due to the increased number of binding sites present in the high
lignocellulostic (lignin, cellulose and hemicellulose) biomass content resulting in
reduced leaching (50% to <1%) (Fenoll et al., 2011). The use of lignocellulostic
material as an effective sorbent for pesticides is supported by Boudesocque et
al. (2008) who state that it had a similar adsorption capacity to AC although not

as effective as some synthetic resins.

Organic matter for the purpose of reducing pesticide movement could be
applied as a soil amendment in order to provide more binding sites in the soil to
retain pesticides. Furthermore, the addition of plants to constructed wetlands

would, over time, accumulate a layer of humin which can help to trap pesticides.

2.7 Clays and other mineral based media
2.7.1 Montmorillonite clay
Montmorillonite clays have been of interest as adsorbent materials due to
their high surface area in the range of 600 — 760 m? g (Helmy et al., 1999).
The surface charge properties of montmorillonite clay enable it to adsorb some
pesticides. Polati et al. (2006) found that a number of pesticides including
simazine, atrazine and diuron were retained on Na-montmorrillionite as

compared to an alternative clay (kaolinite) where they were not retained at all,
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with neutral molecules being better retained compared to ionic ones. The
removal rates for simazine, atrazine and diuron were between 0.015 to 0.035
mg g However, the ability of natural montmorillonite clay to adsorb
hydrophobic organic pollutants was reduced due to its hydrophilic
aluminosilicate structure (Saha et al., 2013). In order to improve the capacity of
clays for removal of organic compounds by adsorption, some inorganic
components of the clay can be substituted with organic cations to form modified
organo clays (Lemke et al., 1998; Saha et al., 2013). Saha et al. (2013) found
that montmorillonite modified with octadecylamine and
aminopropyltriethoxysilane, had the highest pesticide adsorption capabilities of
the modified montmorillonite clays tested with removal capacities ranging
between 0.17 — 0.52 mg g™ for eight pesticides tested (alachlor, metolachlor,
chlorpyriphos, fipronil, a-endosulfan, b-endo- sulfan, p,p0-DDT). This compared
favourably with a montmorillonite clay modified with only octadecylamine.
Increased removal (5-29%) of the eight pesticides was associated with higher
proportions of carbon in the modified montmorillonite clays. Similarly, Celis et al.
(2012) found improved removal of clopyralid using montmorillonite-chitosan
nanocomposites. Chitosan can be produced from chitin, natural
polysaccharides found in the shells of crustaceans for example (Pillai et al.,
2009). The nanocomposites were successful in improving the adsorption of
clopyralid from 5-38% to 15-55% but only where the pH of the soil solution was
under slightly acidic conditions (pH ~5) (Celis et al., 2012). Montmorillonite clay
would likely best be used as a soil amendment in order to enhance the sorption

capabilities of the clay fraction of the soil (Polati et al., 2006; Celis et al., 2012)
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2.7.2 Light Expanded Clay Aggregates (LECA)

LECA are lightweight ceramic pebbles produced by super-heating natural
clay (Dordio et al., 2007). This causes the clay to expand to four to five times its
original size, which in turn increases the inner surface area of the pellets giving
it a “cellular” structure (Leca UK, 2014). LECA is mainly used in the construction
industry to make masonry walls but it has a wide variety of other applications
and is noted for its use in drainage due to its porous nature (Leca UK, 2014).
This makes it an ideal candidate in terms of practicality for a sub-surface filter
medium in a wetland where flow needs to occur. Dordio et al. (2007) and Dordio
and Carvalho (2013) have shown LECA, particularly the smaller pellet sizes of 2
to 4 mm (sizes range up to 20 mm), to be effective in the removal of anionic
organic compounds, specifically the herbicide MCPA, through adsorption. Using
the medium alone, MCPA removal was between 40 to 96.7% dependent upon
initial concentration and contact time. Increased removal of 66.2 to 99.1% was
seen when the medium was planted with the reed plant Phragmites. The
mobility (Koc) of MCPA is highly dependent on soil type (Hiller et al., 2008) and
pH is also a factor that affects the extent of MCPA adsorption. Using the Ky
values obtained by Hiller et al. (2008) for the non-amended soils, MCPA falls
into a similar mobility range to metazachlor and quinmerac (Figure 2.8) so may
be expected to adsorb some of these pesticides. Additionally as MCPA is
negatively charged under most environmentally relevant conditions (Hiller et al.,
2008), LECA should be able to adsorb polar compounds. Adsorption of
compounds onto LECA is primarily driven by the charged surface of the LECA.

LECA is positively charged around neutral pH and below due to its high PZC of
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(pH 8.5 — 9) (Dordio et al.,, 2007). The low density of the leca material of
between 250 and 450 kg m™ could be an issue if it was applied by itself without
having some means of preventing its movement. However the structure and
surface properties of LECA seem ideal for its use as an adsorption medium
within a vegetated constructed wetland where the roots of the vegetation can
keep the low density material in place as occurs with the stabilization of soil by

root structures naturally.

2.7.3 Vermiculite

Vermiculite is a clay mineral composed of magnesium-aluminium-iron
silicates (Sanchez-Camazano and Sanchez-Martin, 1987; William Sinclair
Horticulture Ltd, 2008). It is usually available in an expanded or “exfoliated”
form. The exfoliated form is produced when the raw vermiculite is heated. This
causes the vermiculite to expand into a number of interconnected layers in a
concertina-like matrix (The Vermiculite Association, 2015). Particles typically
range between 2 to 8 mm in size (Papadopoulos et al., 2008). Vermiculite has a
particularly high cation exchange capacity of 85 meq 100 g* as compared to
other clay soil minerals such as kaolinite that have a cation exchange capacity
of 4 meq 100 g* (Ellis and Foth, 1997) and this is particularly high when
vermiculite is in its exfoliated form (The Vermiculite Association, 2015). The
adsorbance of some pesticides by different types of vermiculite was studied by
Sanchez-Camazano and Sanchez-Martin (1987). They found that the best
adsorbance was obtained using Ca-vermiculite (vermiculite where the interlayer
space contains hydrated calcium ions) compared to Na or Mg modified clays,

however this is the least common type found in nature (Ellis and Foth, 1997).
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Gregoire et al. (2008) found that the pesticides diuron and glyphosate
(properties shown in Figure 2.8) did not adsorb well (<25%) to vermiculite as
compared to organic media such as beet pulp and maize cob. Brix et al. (2001)
found that it was not a particularly effective adsorbent for phosphorous
adsorbing <1 mg g™ dw P compared to calcite which achieved 25 mg g™ dw P
removal. Vermiculite could be either added as a soil amendment or as a filtering
layer within a constructed wetland if applied into the agricultural environment

(Baskaran et al., 1996; Bachand, 2003).

2.7.4 Osorb

Osorb is a commercially available medium and is an example of a
swellable organo-silica nanoparticle that is hydrophobic and swells due to the
disruption of noncovalent bonds when in contact with organic molecules
(Burkett et al., 2008; Edmiston and Underwood, 2009; Edmiston, 2010). Osorb
is still a relatively new material so there is little literature beyond the studies that
have been carried out by those involved in its discovery and manufacture. Its
selective capacity for organic molecules in an aqueous environment could be
ideal for use within a wetland context. The manufacturers of Osorb claim that
metaldehyde and clopyralid can be removed using this medium (ABSMaterials,
Inc., 2014). In principle, these adsorbents should be effective for the removal of
the other pesticides due to their organic nature although it is more effective at
adsorbing more non-polar molecules (Edmiston and Underwood, 2009). A
concern may come from the particle size, as these particles are small ranging
between 180 to 500 um in diameter. Osorb Biomax is a variant of the medium

containing a blend of Osorb and iron particles through the addition of nanoscale
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zero valent iron to the osorb matrix to create a composite material. (Dahal et al.,
2011). Osorb Biomax is, however, a very fine medium (0.25-0.5 mm) that is
intended for use as a soil amendment. The use of Osorb Biomax within
vegetation strips could be explored to treat initial field run-off at the field
boundaries and capture organic pollutants. The claims of Osorb’s ability to
outperform GAC in the adsorption on both polar and non-polar pesticides
(Edmiston and Underwood, 2009) make it a potentially valuable medium for
reducing the movement of a range of pesticides within the agricultural

environment.

2.7.5 pHlocrite

Phlocrite is a synthetic calcinated dolomitic limestone. It is produced in
different grades, dependent upon the calcium:magnesium ratio. Phlocrite
typically contains 45% magnesium as MgO and 29% calcium as CaO (Phlocrite,
2015). The high PZC of MgO (12.4) enables the medium to retain a positive
surface charge over a wide range of naturally occurring pH conditions (Farooq
and Ramli, 2011). A high pH increases the chances of surface interactions
between the positively charged surface of the pHlocrite and the negatively
charged polarity of polar pesticides. Nanocrystalline MgO has been reported to
be an effective adsorbent through chemisorption of contaminants (diazinon and
fenitrothion) and has been shown to be able to adsorb pyridine compounds, of
which clopyralid is an example (Koper et al., 1997; Armaghan and Amini, 2014).
Dolomite has been explored as a substrate medium for phosphorous removal
although it was shown not to be as effective as a sand bed medium (Pant et al.,

2001). Prochaska and Zouboulis (2006) however found relatively increased
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removal of P when using a 10:1 sand:dolomite mixture in a small scale pilot
study increasing P accumulation by 6.5 to 18%. A constructed wetland setting
may be the way in which pHlocrite could best be applied to an agricultural

setting.

2.8 Industrial by-products

Ochreous sludge is a by-product of mine water treatment plants and
contains high amounts of Fe(OH); and FeO.OH (Heal et al., 2003). Ochreous
sludge has been shown to be a good adsorbent for P able to achieve removals
>98% within 5 minutes of contact time (Heal et al., 2003) and could be a
candidate for pesticide adsorption (Schwandt et al., 1992; Dudeney et al.,
2004). However, it is unlikely to out-perform organic matter unless under acidic
(below pH 5.5) conditions because the main mechanism for adsorption is cation
bridging. This was not very effective for removal of the herbicide quinmerac
which was preferentially removed by hydrophobic interactions which occur at
pHs >5.5 (Schwandt et al.,, 1992). Research has also been undertaken
investigating alum sludge as an adsorbent. Alum sludge is a by-product of water
treatment. During treatment, aluminium sulphate is used as a coagulant and
waste alum sludge is produced. This sludge could be used as an adsorbent
substrate in constructed wetlands (Babatunde and Zhao, 2007). Similar to
ochreous sludge, alum has been shown to be a more effective adsorbent for P
removal at lower pH (Yang et al., 2006; Zhao et al., 2009). Yang et al. (2006)
found that organic matter competed for adsorption space with phosphate, so
this could imply a reduced capacity of alum sludge for pesticide molecules in

the presence of both P and background natural organic matter in the run-off.
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The recycling of alum sludge is beneficial as it allows the reuse of a waste
product. However Thuy et al., (2008) found less than 50% removal of spiked
pesticides (aldrin, dieldrin, atrazine and bentazon) even with high alum doses.
Additionally, if aluminium sulphate and Fe coagulants are not able to remove
pesticides at the water treatment stage then it is unlikely that the alum sludge
will be an effective adsorbent for pesticide removal under field conditions. This
may be of particular concern if the presence of potentially competing

adsorbates, such as phosphorous, is considered.

By-products from steel manufacturing are another industrial by-product
being considered in water treatment. Shilton et al. (2006) monitored a
wastewater treatment plant for phosphorous removal over a 10 year period
where steel slag was used as a medium in a filter column. It was found that the
steel slag provided good P removal for the first 5 years removing 77% of the TP
until the retention limit of 1.23 kg of TP per tonne of steel slag was reached.
After reaching this limit, phosphorous removal was much reduced. Steel
industry wastes have also been researched with regards to the adsorption of
some pesticides. Gupta et al. (2006) looked at the removal of 2,4-D and
carbofuran (properties shown in Figure 2.8) from aqueous solutions using steel
industry by-products as adsorption medium. The best result was obtained using
blast furnace slag. However, the pesticide removal was less than 10% of that
achieved using standard AC. This suggests that steel industry wastes may not
be an effective adsorbent for pesticides. In addition, at present these products

are not readily available for implementation.

62



Each of the described media have advantages and disadvantages in
terms of their potential to be used within an agricultural environment. The key
features of each medium described has been summarised in Table 2.8. The
table includes the particle size of each medium, the best means of its
application within an agricultural landscape and the advantages and
disadvantages that would be associated with its use. Practical applicability
alongside the ability of each to adsorb the problematic pesticides described

earlier in the review are important factors that must be taken in to account

during media selection.

Table 2.8 — Summary of the characteristics of the described adsorption media.

Medium Size How Advantages | Disadvantag | Removal
applied es example
GAC 1 mm Constructe | Large Expensive 13mgg™
d wetland | surface compared to metaldehyd
area, proven | other media e removal
pesticide (Busquets
removal et al., 2014)
capabilities
Biochar ~1 mm Constructe | Lower Lower surface | 74 ug g
but d wetland | energy area removal of
depends requirement | compared to MCPA
on size of and cost for | GAC (Cederlund
feedstock production et al., 2017)
compared to
GAC
Phenolic <45 - 250 | Constructe | Very high Due to 76 mg g™
resins pm d wetland | surface polymer/resin | metaldehyd
areas nature, use in | e removal
agricultural (Busquets
environment et al., 2014)
would need to
be carefully
controlled
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Organic matter | Dependa | Soll Low cost Reliant upon | 35.8 ug g™
nt but amendme | and low cation binding | atrazine
generally | nt environment | which has removal
<1 mm al impact beenseento | (Silvaetal.,

be less 2013)
effective for

some

pesticides

compared to
hydrophobic
interactions

Montmorrillioni | <1 mm Soll Low Dependent Up to 0.52

te clay amendme | environment | upon pH mg g DDT

nt al impact, removal
reasonably (Saha et al.,
high surface 2013)
area
Leca 2-20 mm | Constructe | Good Low density Up to 0.97
d wetland | porosity for | so could be pug mL™?
higher flow | prone to removal of
rates movement out | MCPA(Dord
of application | io and
area Carvalho,
2013)
Vermiculite 2-8 mm Constructe | High cation | Research so Up to 153
d wetland | exchange far has not ug g™
or soil capacity shown good removal of
amendme removal of phosdron
nt pesticides (Sanchez-
Camazano
and
Sanchez-
Martin,
1987)
Osorb 180-500 | Sall Selective Little data 0.lmgg*
pm amendme | capacity for | available metaldehyd
nt organic e removal
molecules (Jonsson et
al., 2015)
pHlocrite <5 mm Constructe | Positive Not previously | n/a
d wetland | surface tested for
charge pesticide
under wide removal
range of pH
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Industrial by- 10-20 Constructe | Low cost Low removal | 0.39 mg g™
products mm (steel | d wetland | due to use of pesticides quinmerac
slag) of recycled compared to removal
<0.002-5 waste AC (Schwandt
mm materials etal., 1992)
(Ochreou
s sludge)
<0.063
mm (alum
sludge)

2.9 Conclusions of review

In conclusion, compliance failures of pesticides in drinking water are
dominated by herbicides and a single molluscicide, metaldehyde. The polar and
mobile nature of these compounds is a major factor in contributing to their
increased presence in run-off under storm conditions. A number of adsorption
media that have the potential to be combined with constructed wetlands in order
to reduce pesticide concentrations in run-off within the agricultural environment
have been identified. However, there is no ‘universal’ medium identified in the
literature which may be effective against all of the problematic pesticides
identified in the review. One thing that does seem to link all the media is the
presence of a high number of reactive —OH groups on their surfaces. It may be
that a combination of different media may be needed in order to treat the
different individual pesticides. Additionally the size of the media should be
considered in order to ensure removal efficiency can be balanced with hydraulic
conductivity to ensure the ongoing treatment of water and to prevent the system

from being overrun through reducing retention times.
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From this point onwards, the research in the thesis concentrates on three
pesticides of interest: propyzamide, metazachlor and metaldehyde. Only the
parent compounds have been considered. The reasons for this include
difficulties experienced in developing an analytical method for metabolites and
the other pesticides described in chapter 2. Additionally, the field site described
in chapter 3 only used the herbicides metazachlor and propyzamide during the

monintoring period within the catchment studied.
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3.1 Abstract

Pesticides are widely used in agriculture. Some of these compounds,
particularly those associated with the crop oilseed rape, can have a detrimental
impact on water quality. Rainfall and storm events are known to be an important
factor in causing run-off and leaching which moves pesticides away from their
application area through the solublisation of the pesticides in to the water
phase. This in turn causes contamination of water courses which can affect
aguatic organisms and cause the pollution of potable water sources. Sampling
run-off water is important for providing data which can be applied to models in
order to be able to predict run-off risk. Most previous studies of pesticide run-off
have used flow dependant or timed sampling. This research introduces a new
novel method of sampling according to the relationship between rainfall and
pesticide concentrations. The development of this new sampling method
provides a lower cost but highly balanced sampling regime which considers
sampling over a wide range of rainfall conditions. This enables the identification
of the point at which pesticide concentrations increase in field run-off. This study

found the highest risk of increased pesticide concentrations in run-off to occur
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when rainfall was >10 mm within a 24 h time period, an intensity of

approximately 0.4 mm h™ .

3.2 Introduction

The use of pesticides in agriculture is a key element of modern intensive
crop production. However, a balance needs to be struck between ensuring food
security and preventing pollution of the environment and water bodies through
the addition of chemicals. Over time, pests targeted by pesticides can develop
resistance to these chemicals, an effect that has been exacerbated by the
overuse of pesticides in the past (Carvalho, 2006; Pesticides Forum, 2014;
Liang et al.,, 2016). Often, to counteract resistance, even higher doses of
pesticide then need to be used (Bloomfield et al., 2006). Another way to treat
pests that have developed resistance is to change the active ingredient used in
the pesticide. For example isoproturon was withdrawn from the UK market in
2009 due to increasing blackgrass resistance in addition to concerns about its
affect on aquatic organisms. Following this withdrawal, an increase in the use of
alternative products such as chlorotoluron was seen. This pesticide has a
slightly higher water solubility at 74 mg L™* compared to 70.2 mg L™ for
isoproturon (ADAS UK Ltd, 2011; PPDB, 2014). The replacement of existing
products with ones that have higher water solubility has been shown to result in
higher pesticide concentrations being seen in run-off following storm events.
This continuous change in the type, concentration and combination of
pesticides used means that water quality is dynamically changing. This is a
challenge, particularly where contaminated water bodies are used as sources

for drinking water. The presence of pesticides in run-off has been shown to
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have negative impacts on some aquatic organisms for example crustaceans
and insect larvae can be particularly sensitive to chlorpyriphos (Sherrard, 2004)
and chloro-2-methylphenol (4-CMP), a degradation product of mecoprop is
highly toxic to aquatic organisms (Thrasher et al., 2004). In addition to this,
pesticides can have potentially negative effects on human health and financially
impact water companies (Kreuger, 1998; Stuart et al., 2011; Destandau et al.,

2013).

Pesticide contamination of water courses is often attributed to run-off that
occurs during storm events whereby the soluble pesticides are diluted into the
water phase and are mobilised in surface run-off and leached into wider water
courses (Larson et al., 1997; Franco and Matamoros, 2016). The monitoring of
pesticide run-off is important as contaminants can have detrimental effects on
potable water sources in addition to the wider environment (Stuart et al., 2011).
The sampling for pesticides in run-off is usually carried out using automatic
samplers. The most common sampling regimes used are timed sampling, flow
sampling, and grab sampling. Timed sampling is where samples are taken at
set time intervals using automatic samplers, regardless of other environmental
factors such as rain, temperature and flow rates (Kreuger, 1998; Shipitalo et al.,
2008; Rabiet et al., 2010). Typically these use automatic samplers on a timed
programme. Flow dependent sampling is where samples are taken at
increasing frequency as flow rates increase (Kjeer et al., 2011; Passeport et al.,
2013). Flow dependant sampling utilises automatic samplers coupled to a flow
meter. Depending on the flow measuring device, and its intended location, it

may also require the installation of a weir into the flow stream. Grab samples
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are those samples taken to substantiate samples gathered by other automatic
means, and are carried out manually by the researcher as and when they are in
the right place (Rabiet et al., 2010; Xu et al., 2015). This method of sampling
requires someone to take the sample and a receptacle to hold it. Each of these
methods have disadvantages with respect to measuring pesticides in run-off. If
timed samples are taken too often, the sampling will not be efficient, leaving the
researcher with excess samples that can be expensive to analyse and may add
little to the overall result. Similarly, too few samples and events may be missed
or the results may not be representative of the true concentrations experienced
(Johnes, 2007; Rabiet et al., 2010). Flow dependant sampling is more
representative of the dynamic conditions throughout a storm event and
therefore will more accurately reflect the changing concentrations (Rabiet et al.,
2010). However, if flow dependant sampling is carried out later in the year when
flows are higher, this efficiency may decrease as run-off durations, and
therefore sample triggering, increase. In addition, flow meters are expensive
apparatus so if sampling is to be carried out at multiple locations then this will
significantly increase the cost of a study. Manual or grab samples are the least
efficient way of sampling and are highly dependent on chance, as they require a
high labour input in terms of time and are dependent upon someone being in
the right place at the right time. Although they are the least expensive option in
terms of equipment, grab samples require a human resource to be at the
sampling location for the duration of a storm in order to get samples
representative of fluxes throughout the storm. As a result they are expensive

with respect to human resources. Furthermore, sampling may not be feasible if,
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for example, a storm occurred in the middle of the night or the sampling location
is in an isolated location. In addition there are also passive methods of sampling
such as Chemcatcher and Polar Organic Chemical Integrative Sampler
(POCIS) (Castle et al., 2017; Fauvelle et al., 2017). These passive sampling
technologies work by sequestration of pesticides using membrane technology
which is later analysed in the laboratory. The amount of pesticides captured is
then calibrated to give a time averaged estimation of pesticide concentration
dependent upon the timescale for which the passive sampler was deployed
(Castle et al., 2017). As these methods use average estimations, and due to the
fact that pesticide run-off is strongly linked to storm events, there is a high risk
of underestimation of peak concentrations (Rabiet et al., 2010; Kay and
Grayson, 2014; Castle et al.,, 2018a, 2018b). This underestimation may be
particularly problematic when considering the issue of shock loads to water
treatment facilities, as the peak concentrations and length of time for which

elevated levels of pesticides are present are unknown.

In this work, a new method of sampling is proposed that is proportional to
rainfall (mm) that occurs during storm events. This is important because climate
change models predict the occurrence of increased rainfall intensity alongside
longer event durations (Osborn and Hulme, 2002; Ekstrom et al., 2005;
Trenberth, 2011). It is therefore expected that this will lead to an increase in
run-off events and therefore increased frequency of the contamination of
potable water sources. It would consequently be useful to be able to develop a
link between rainfall duration and intensity and run-off risk. Detailed rainfall data

is more readily accessible to the public and researchers through agencies such
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as the UK Meteorological Office compared to data available on water flow rates.
This is particularly the case for small drainage ditches associated with field run-
off and leaching, where pesticides will first enter into these water channels. With
this localised information pertaining to rainfall characteristics and pesticide
concentrations in drainage ditches, it should therefore be possible to develop a
link between local rainfall conditions and pesticides in run-off to inform water
companies when shock loads containing high pesticide concentrations will
occur. Ultimately these data could be fed into models (e.g. Asfaw et al., 2016)
which could incorporate factors such as the pesticides which have been used
and the local topography of the landscape. Furthermore, increased knowledge
of localised rainfall and run-off relationships would help to identify when a
temporary application of adsorption media could be most effectively utilised. For
example, a temporary application of in-field treatment at key times into drainage
systems could help to trap and remove pesticides from the farm channels and
prevent their further movement into wider water courses from which abstraction
occurs. The main focus of this research was to look at the initial feasibility of

gathering data on pesticide run-off by using rainfall data.

Rain dependent sampling uses rainfall detection as the primary indicator
of storm run-off events, with flow rate being a secondary indicator thereby
increasing sampling efficiency. The method also includes additional timed
samples triggered by rainfall in order to give information on how pesticide
concentrations change following a storm event. Additionally, this approach uses
less expensive equipment as compared to flow dependant sampling therefore

reducing sampling costs. The monitoring of pesticides according to rainfall has
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become increasingly relevant due to the predicted effects of global warming.
The expectation is for rainfall events to increase in intensity with longer dry
periods in between. These are the conditions when high amounts of run-off
occur (Trenberth, 2011). To the authors knowledge there have been no studies
that use rain dependent sampling to monitor pesticide run-off at the agricultural

field scale.

The aim of this work was to determine whether rain dependent sampling
could be an accurate and efficient way of monitoring pesticide run-off within
agricultural catchments under storm conditions. The research developed a proof
of concept system in order to determine if sampling by rainfall according to
detection via a rain gauge could give data that could be used in conjunction with
a catchment management approach. This would enable better control and
monitoring of the pesticides in run-off by targeting sampling to periods of ‘high

risk’ for contamination to potable water sources.

3.3 Materials & Methods
3.3.1 Field Site

Sampling was carried out on a conventional arable farm in
Wolverhampton in the West Midlands region of England (Figure 3.1). The farm
catchment studied was 110 ha in area and was comprised of nine fields ranging
between 3.1 to 14.5 ha in area. Oilseed rape was grown in fields 4, 6, 7 and 8
during the study period, the remaining fields were cropped with winter wheat.
The soil was comprised of slowly permeable fine to coarse loamy soil with some
deep reddish fine loamy soils in fields 1-4 (Figure 3.2). The farm soils had a pH

of 6+£0.8 and a soil organic carbon content of 2.7+2.1% (National Soil
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Resources Institute, 2019). Slowly permeable soils typically have permeability
rates of 0.13-0.3 cm h™ although average permeability rates for loamy soils is
1.3 cm h™ which is classified as moderately slow (FAO, 2019). The average
slope across the farm catchment was 1° (Figure 3.2). Field drains were
approximately 1 m below the soil surface. Two pesticides of interest were being
used on the farm during the eight month sampling period from September 2015
to May 2016: metazachlor and propyzamide. Metazachlor application occurred
on the 26" September 2015 with pesticide application at 1.5 L ha™ containing
50% metazachlor active ingredient. Application of propyzamide occurred on the
21% January 2016 with an application rate of 1.5 L ha™ containing 50%
propyzamide active ingredient. Both of these pesticides were used on the
oilseed rape crop. Water samples were also tested for metaldehyde as it is the
pesticide that causes the highest number of water quality issues in the UK
(Drinking Water Inspectorate, 2016). Although in this case, metaldehyde was
not used during the sampling period and had not been used in the study

catchment for the previous two years.

Sampling equipment was set up at the inlet (Pl) and outlet (PO) of a
typical farm pond with an area of 255 m?. The pond was ovoid shaped and
located approximately two thirds of the way along the distance of the drainage
ditch across the farm catchment. The distance between the inlet and outlet of
the pond was 16.9 m and the pond had a maximum depth of 1 m. The pond for
the most part was unvegetated but had some Sedge Carex spp. around the
edges. The inlet to the pond contained water run-off from field drains and

drainage ditches that ran through the farm. Additional sample points were
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located at the beginning and end of the main drainage route through the farm at
the end of February 2016 referenced as the farm inlet (FI) and outlet (FO). This
enabled pesticide inputs and outputs to be established across the entire farm
catchment. The FI sample point was located at the top of the farm catchment
next to a road across from which was further farmland. The purpose of the FI
sample point was to verify whether any pesticide run-off entering the farm

catchment was from adjacent farmland.
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Figure 3.1- Plan of the farm catchment, the fields identified are those that drain into the main drainage ditch running through the identified

catchment. Sampling points identified are FI: Farm inlet, Pl: Pond inlet, PO: Pond outlet and FO: Farm outlet.
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Figure 3.2 - Soil and contour map of farm. Black arrows show preferential flow paths according to slope. 541r = Wick 1 - 'Deep well
drained coarse loamy and sandy soils locally over gravel'; 572m = Salwick - '‘Deep reddish fine loamy soils with slowly permeable subsoils

and slight seasonal waterlogging'; 711n = Clifton - 'Slowly permeable seasonally waterlogged reddish fine and coarse loamy soils and
similar soils with slight seasonal waterlogging'.
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3.3.2 Equipment and sampling methodology

Sampling equipment at each location comprised of a Young model
tipping bucket rain gauge that had a catchment area of 200 cm? and tipped for
every 0.1 mm of rainfall captured. Teledyne Isco bubbler flow meters (model
4230 and signature model) were set up at the inlet and outlet of the farm pond.
These were used to gather additional data for flow rates (L s™), volumes (m®)
and water height (m) to help understand the flow conditions and volumes of
water experienced during storm conditions for the pond studied and to be able
to calculate the pesticide loads. As such, while they were used here to gather
additional data in this study, they would not be necessary for rain dependent
sampling as a means of identifying peak concentrations. The flow meters used
inserts with a round orifice which were attached in the inlet and outlet pipes of
the wetland pond to monitor the flow. Bubbler flow meters were calibrated prior
to being installed in the field, where the calibration was rechecked as per
equipment instructions. Isco 3700 autosamplers were used with glass bottles to
ensure no pesticide adsorption occurred. The sample volume collected for each
sample was 300 mL. Each piece of monitoring equipment was connected to an
Intel® Edison board used as a small computer to collect data and control
sampling (Figure 3.3). These retail in the UK for around £100 compared to the
flow meters which cost >£2000 each. The computer logged rainfall data and
collected data from the flow meter (flow rate (L s™), water level (m), volume of
water passed (m®). Data was uploaded to cloud storage through an internet
connection, where it could be accessed remotely. Originally, mobile devices

with 3G network access were used to upload data and allow remote access to
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the computer. However these were later changed to 3G dongles to improve the

strength and reliability of the data connection.

"Intel is a trademark of Intel Corporation or its subsidiaries in the U.S. and/or other countries"
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Figure 3.3 — Conceptual model of data transfer between components of rainfall

dependent sampling solution

A sampling event was triggered based on rainfall. Data was recorded for
each incremental increase of 0.1 mm of rainfall and every 15 minutes for the
flow meter data. The computer also controlled the signal to the autosampler
where it was originally programmed to take a water sample for every 2.5 mm of
rainfall detected by the rain gauge. Increments of 2.5 mm of rainfall were
chosen as this was the 75" percentile volume of rainfall for the area in which

the sampling took place, this was calculated from data provided by the Met
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office (Ball, 2015). The 75™ percentile was used as it was representative of a
rainfall event where the volume of rain falling was within the top 25% for the
local area, but still enabled a sample to be taken at relatively low rainfall rates.
Rainfall of 2.5 mm was thought to be an efficient starting sampling unit with
regards to local historical weather. This was in order to collect water samples at
relatively low rainfall volumes and to get sampling reflective of rainfall conditions
and pesticide concentrations throughout an event but not so low as to fill the
auto-sampler before the end of an event or to require a high frequency of site
visits to collect samples (>once a week). The local historical weather data was
acquired from the Met office library and archive (Ball, 2015) using rainfall data
gathered from rain gaugesas close to the farm's location as possible
(approximately 20 miles away). However, after initial sampling it was felt that
the data gathered using 2.5 mm units was too intermittent. Therefore sampling
was decreased to 2 mm on 29" October 2015 in order to increase the number
of data points gathered to provide better definition of pesticide concentrations
throughout rainfall events. This allowed monitoring of concentration changes
without producing excess samples and causing the samplers to fill up before the
end of a rainfall event. The sampling was originally carried out by daily rainfall
(i.e. the rainfall count would reset at midnight) in order to concentrate on storm
events. A rainfall event was deemed to have ceased if no rainfall was detected
within one hour of the last tip of the rain gauge. Sampling was changed to each
2 mm increase in cumulative rainfall to account for rainfall events that occurred
over several days and to prevent missed samples when 2 mm would otherwise

be reached past the midnight hour. Equipment installed at additional sampling
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points only included rain gauges and autosamplers, with the computer used to
control when samples were taken (Figure 3.4). The timed part of the method
occurred when 6 mm of rainfall was observed over a rolling 24 h period, this
was considered as an indication of the start of increased pesticide
concentrations being detected due to this pattern being seen during early
events. This then triggered timed samples to be taken at 8 h intervals for the
following 3 days in order to monitor how the concentration of the pesticides
changed following the storm event regardless of the rainfall in that period. This
was judged according to patterns detected during early events before the
additional timed sampling was added. The timed sampling was added to the
methodology on 4™ March 2016. The timed sampling was introduced to act as a
'safety net' so that the decline in concentrations could continue to be monitored
even if no rainfall was present. Sampling based on rainfall continued whilst

timed samples were triggered.

"The Intel logo is a trademark of Intel Corporation or its subsidiaries in the U.S. and/or other countries
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Water quality samples were filtered using 0.2 um filters and frozen prior
to analysis. The analysis of the water samples was carried out using direct
injection to a Waters Alliance 2695 liquid chromatography coupled to Quattro
premier XE tandem quadrapole mass spectrometry (LCMS-MS/MS) using a
method described previously (Ramos et al., 2017). Samples were analysed in
duplicate. Pesticides used in the preparation of standards were acquired from
QMX Laboratories. Prepared samples for calibration were: 0.1, 0.2, 0.5, 1, 2, 5,

8and 10 ug L™,

3.4 Results and Discussion

Metazachlor and propyzamide were both detected at the Pl and PO
locations, with the highest concentrations occurring during rainfall events shortly
after application of propyzamide (21% January 2016). Elevated pesticide
concentrations were seen during particularly heavy rainfall events which
exceeded 10 mm d* for both pesticides (Figure 3.4). The maximum
concentration of propyzamide was 15.6 pg L™ seen at the pond outlet shortly
after application. This was higher than previous studies monitoring propyzamide
run off in Southern Spain where the maximum concentration seen was 0.37 ug
L™ (Moreno-Gonzalez et al., 2013). The maximum propyzamide concentration
detected at the PI was 12.6 pg L™ and occurred during the first heavy rainfall

event following application.

The propyzamide concentrations found were much higher than those
found for metazachlor, where the maximum concentration seen was 1.4 pg L*
at the Pl and 0.9 pg L™ at the PO. The metazachlor spike detected at the PI

occurred during a particularly heavy rainfall event that saw 15.2 mm of rain
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within 24 h. This was the second heaviest rainfall event observed during the
sampling period, the heaviest rainfall event occurred on the 23" March, where
18.2 mm of rainfall fell in a single day. The largest metazachlor spike at the PO
was detected during the first rainfall event which exceeded 10 mm over 24 h
that occurred following propyzamide application. This suggests that competition
between pesticides for adsorption on the sediments in the pond has an impact
on pesticide detection at the PO. Subsequent rainfall events following
application saw gradually declining concentration spikes of propyzamide.
Similar trends were seen for metazachlor although this pesticide was more
affected by the amount and intensity of rain fallen (mm) and the subsequent
application of propyzamide. However this may have been due to the missing of
metazachlor peaks directly after the metazachlor had been applied. At the time
the sampling methodology was still being developed during the early stages of

sampling when metazachlor application occurred.
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Figure 3.5 — Metazachlor and propyzamide applications and concentrations detected in the farm pond inlet and outlet locations against
rainfall over the eight month sampling period. Samples were triggered for every 2 mm of rainfall from October onwards with occasional
timed and manual samples.
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The majority of samples were taken according to rainfall, however
intermittently, alternative sampling methods needed to be used (Figure 3.6).
Timed samples were used in early January due to damage to a data cable
connecting the computer to the autosampler that could not be fixed in the field.
Manual samples were then used to test the equipment was working correctly.
This coincided with the day after propyzamide was applied. A representative
reflection of changes in pesticide concentration was observed during rainfall
events using the rain dependant sampling while the rainfall triggered timed
samples proved useful in showing the concentration decline following a rainfall
event. Increased concentrations of the pesticides metazachlor and propyzamide
were found when there were high amounts of rainfall (>20 mm over a 24 h
period). Rainfall <10 mm within a 24 h period did not result in significant
concentrations of pesticides in leachate being detected. This is in agreement
with other studies that have found rainfall intensity to be an important factor in
the occurrence of run-off/leachate (Gouy et al., 1999; Zhao et al., 2014). This
was due to the fact that low amounts of rainfall, even over an extended period,
did not exceed the infiltration rate of the soil and so significant movement of
pesticides out of the field was not seen (Macary et al., 2014). The infiltration
rate is the rate at which the water from rainfall is able to penetrate through the
soil. If the rate of rainfall exceeds the infiltration rate of the soil, then overland

flow will occur (Malone et al., 2004).

Automatic timed samples were triggered three times at the pond location
between March 2016 and April 2016 (Figure 3.6). Both the Pl and PO locations

were in agreement with one another as to the timing of the triggered samples.
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Two additional timed samples were triggered at the Fl and FO at the beginning
of April and beginning of May 2016. This may have been due to the location of
the rain gauges at these sampling points as they were susceptible to strong
wind gusts from a westerly direction. Strong wind caused movement of the rain
gauge resulting in subsequent tipping of the bucket mechanism and thus
increased 'rainfall' detection. This issue was not seen at the pond location as
trees on either side of the pond provided shelter from the wind but were not so
overgrown as to affect the collection of rainfall. This issue could be overcome in
future use by employing a wind guard around the lower part of the rain gauge.
Other than the additional timed samples, good conformity was seen between
the timing of the triggered samples. The timed samples helped to give improved
insight in to the steady reduction in pesticide concentrations following a large
storm event. This was patrticularly evident following the events that occurred on
the 9" March and 11" April (Figure 3.6). A drawback of the rainfall dependent
sampling method was that it did not account for the time period immediately
after pesticide application unless rainfall was present. However the pesticide
loads lost (g) from the catchment were much smaller as seen by comparison of
the pesticide mass leaving the farm pond following application compared
directly to that lost following the first rainfall event. The propyzamide load lost
was calculated using Equation 3.1 for the immediate aftermath of propyzamide
application (21 - 28 January 2016) against the propyzamide load lost during the
first large rainfall event following application (5 - 17 February 2016). The
propyzamide spike detected at the pond outlet immediately after application

was calculated to contain 4.69 g of propyzamide whereas the load following the
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first major rainfall event consisted of 27.18 g of propyzamide (Table 3.1). This
suggests that although high pesticide concentrations can be reached post
application through drift or infiltration, pesticide losses through rainfall events

are much more important for impacting on water quality.
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Table 0.1- Calculated loads for each event of elevated pesticides according to Figure 3.9 at the inlet and outlet of the farm pond between

20" December 2015 and 14™ April 2016. Pond outlet samples became contaminated during events 1 and 2 due to flooding and so could

not be analysed.

Load (g) Load (g)

E Pond inlet Pond outlet Load removal (9)

vent
no. Metaldehyde | Metazachlor | Propyzamide | Metaldehyde | Metazachlor | Propyzamide | Metaldehyde | Metazachlor | Propyzamide
1 0.48 2.12 0.01 n/a n/a n/a n/a n/a n/a
2 0.40 1.54 0.00 n/a n/a n/a n/a n/a n/a
3 0.26 0.25 1.35 0.04 0.09 4.69 0.22 0.16 -3.34
4 0.13 1.60 49.79 0.28 1.45 27.18 -0.15 0.15 22.61
5 0.07 0.22 4.26 0.07 0.21 5.44 0.00 0.01 -1.18
6 0.04 0.53 6.67 0.02 0.49 10.12 0.02 0.04 -3.45
7 0.02 0.09 1.98 0.21 0.19 6.11 -0.19 -0.1 -4.13
8 0.05 0.11 1.40 0.02 0.11 1.52 0.03 0.00 -0.12
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Figure 3.6 — Propyzamide detection in the PO according to sampling method against rainfall for January to April 2016
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L = CQAt Equation 0.1

L = Load (g)

C= pesticide concentration (g)
Q = flow rate (L/s)

At = time difference (s)

It took just over 24 h for the concentration at the PO to increase from 0.5
ng L™ to 15 pg L™ during the first major rainfall event following propyzamide
application. This can in part be explained by the slowly permeable nature of the
soil. However it would take approximately 3 days for the rainfall to reach the
field drains according to the typical hydraulic conductivity for loamy soil of 1.3
cm h™l. This explains the slow decline in pesticide concentrations following an
event but suggests that once propyzamide has been dissolved into the water
phase, it moves through the soil water much quicker than the permeation rate
water. The shallow slope across the farm of approximately 1° was also likely to
have been a factor that affected the initial lag time as movement rate would
likely be reduced, particularly under low intensity conditions. However the
increase in concentration from 9 ug L™ to 15 ug L™ took only 5 h 40 min, a rate
of increase in concentration of 1.07 ug L™ per h. The rate of rainfall during the
25.6 h period for the increase in concentration to the peak was 0.4 mm h™ with
a total rainfall of 10.1 mm. During the increase in concentration from 9 pg L™ to

15 pg L™, the rate of rainfall was 1.4 mm per h with 7.6 mm total falling during
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this shorter time period (5 h 40 min). Subsequent concentration peaks occurred
during periods of rainfall >10 mm and there was relationship between the
amount of rainfall and the increase in pesticide concentration detected (Figures
3.5, 3.6). This was particularly the case when rainfall >10 mm occurred within a
24 h period. These findings are in agreement with previous studies which have
found increased pesticide concentrations in runoff during periods of intensive
rainfall. However, the amounts of rainfall in these previous studies was much
higher (18-36 mm h™) than the maximum seen during this study (Sigua et al.,

1995; Gouy, 1999; Beulke et al., 2002).

Of the 155 samples taken according to rainfall at the PO, the majority of
samples occurred either within 3 h, or more than 24 h of the previous sample
(Figure 3.7). This indicates that dynamic sampling is needed to give the most
accurate representation of pesticide changes throughout storm events. It also
suggests that timed samples taken in between events produce excessive and
unnecessary samples over extended periods of application. These extra
samples add to cost and time in terms of handling, processing and analysis.
Sampling took place over 279 days meaning that if timed sampling had been
used and if sampling had occurred once a day, this would have resulted in 124

extra samples with much lower definition of events.
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Figure 3.7- The number of samples according to the time since the previous sample

was taken for rainfall dependent samples at PO.
The following section discusses in more detail the findings and data

trends found from the use of this rain dependent sampling methodology.

A regularly recurring trend in the sampling data was the detection of
higher concentrations of pesticides at the PO than those found at the PI. This
phenomena was seen for metazachlor in February 2016 and for propyzamide in
February and March 2016 (Figure 3.5). A plausible explanation for this may be
that the pesticides were getting washed into the pond during storm events and
adsorbing to sediment particles in the pond. Subsequent desorption of
pesticides may then occur during storm events when other pesticides or natural
organic matter from the environment are washed into the pond and compete for
adsorption spaces on the pond sediments. This then causes desorption of the
previously adsorbed pesticides and results in a higher concentration of the
pesticide to be found at the PO compared to the PI. Similar instances of

competitive adsorption and drawn out periods of desorption has been seen in
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previous research which looked at pesticide adsorption/desorption to sediments
in a pond in southern Germany (Gao et al., 1998a, 1998b). This research
included analysis of the pesticide atrazine which has similar physico-chemical
properties to metazachlor (Figure 2.8). It is possible that some pesticide
detection in the pond was due to infiltration from the soil surrounding the pond,
however this was only relevant to a small area of field 7 so was not expected to
be a significant contributor of pesticides into the pond. The sides of the pond
were flanked by wooded areas and field 8 was sloped away from the pond and
separated by a small ditch. Therefore the vast majority of the pesticide
contaminated water entering into the pond was expected to have entered as
throughflow through field drains and the main drainage system that runs

through the farm catchment.

The pattern of declining concentration peaks for metazachlor in the pond
can be seen with spikes coinciding with the heavier periods of rainfall >10 mm
(Figure 3.5). During an exceptionally high period of rainfall between the 30"
December and 3™ of January (where 46.9 mm of rain fell) there were two
events that saw rainfall exceeding 10 mm in 24 h. The metazachlor
concentration increased to 1.4 mg L* above the previous maximum
concentration of 0.6 mg L™ at the Pl in November. This further supports the
view that heavy rainfall mobilizes the pesticide and that the amount of rainfall
controls the extent to which this mobilisation occurs. It is likely that the DTsg for
propyzamide (typical: 50.5 d) and metazachlor (typical: 8.6 d) explained the
pattern of declining peaks and why it took longer for propyzamide (approx 4

months) compared to metazachlor (approx 3 months) to consistantly fall below
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1 ug L™ The short DTso of metazachlor in comparison to propyzamide would
also explain why rainfall events >10 mm in the period between metazachlor and
propyzamide application saw relatively low increases in metazachlor
concentration as compared to that seen for propyzamide following its
application. Weather data from the closest weather station to the study area
(Birmingham) was used to develop an intensity-duration-frequency (IDF) curve
with which to compare the maximum rainfall seen at the study area. The IDF
curve calculated for the study area shows that the maximum rainfall intensity
experienced during the study period was below the calculated extreme values
for the local area (Figure 3.8). The return period for 10 mm of rainfall within 24

hours was calculated to be <1 year.
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Figure 3.8 - IDF curve for study site compared to historical data for the local area (Met
office, 2018). Each line shows the predicted frequency over which an event of a certain

intensity and duration will occur.
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The mechanism of pesticide mobilisation likely occurs as pesticides
adsorb onto dissolved organic carbon (DOC) in the pore water of the soil matrix.
Subsequent erosion of the soil during heavy rainfall then moves the pesticides
via leachate and throughflow into the pond (Gao et al., 1998a; Johnson et al.,
1999; Bloomfield et al., 2006). The higher concentrations of metazachlor found
at the PI relative to the PO suggest that there was some retention or removal of
metazachlor occurring in the pond. During a rainfall event at the beginning of
February 2016, the concentration of metazachlor detected at the pond outlet
exceeded that in the pond inlet, where it increased from 0.08 to 0.92 ug L™. This
was concurrent with the high spike in propyzamide of 15 pg L™ also detected at
the PO. This release of metazachlor from the pond suggests that there was a
competition effect occurring between the pesticides for adsorption sites within
the pond. Propyzamide would likely outcompete metazachlor for adsorption
sites due to its higher Ko and log Koy values of 840 mL g and log 3.3
respectively compared to 54 mL g™ and log 2.49 for metazachlor. This means
that propyzamide, relative to metazachlor, has a higher preference to be in the
adsorbed phase due to its higher affinity for adsorption onto organic carbon and
its more hydrophobic nature (PPDB, 2014). This finding is in agreement with
previous research that has shown that film diffusion and adsorption capacity are
factors affected by the physico-chemical properties of the studied pesticides

(Rojas et al., 2015).

The major rainfall events where increased pesticide concentrations were
observed throughout the sampling period were numbered (Figure 3.12) and the

intensity-duration for each event and for the periods inbetween each event were
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plotted (Figure 3.9). This allows for comparison between the events themselves
and between any smaller rainfall events where no increases in pesticide
concentrations were detected. The rainfall intensity at 24 h during events
exceeded the rainfall intensity experienced during the periods between events
following propyzamide application (Figure 3.9). The exception to this was event
3, where elevated propyzamide concentrations in samples was thought to have
been caused by drift following propyzamide application rather than run-off or
leaching. Figure 3.9 indicates that both intensity and duration of rainfall,
particularly over a 24 hour period with intensities exceeding 0.4 mm h™, were

major contributing factors to elevated pecticide concentrations in leachate.
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Figure 3.9 - Graph of the maximum rainfall intensity to duration for each event where increased pesticide concentrations were seen in
comparision to the maximum rainfall intensity and duration between events. Solid lines consider rainfall during events where increased
pesticide concentrations were observed (1-8), dashed lines show periods between events where no increase in pesticide concentrations

was observed (btw 3-8) and these are only considered for the period following propyzamide application. The study site line is that shown
in Figure 3.8.
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The concentrations of metazachlor found were much lower than that
seen for propyzamide. This could have been because the sampling was not
carried out at a point in time close to the application of metazachlor. It took
approximately three months from pesticide application for the propyzamide
concentration to not exceed 1 pg L™ during storm events. For metazachlor,
although the run-off data concerning the time period immediately following
application was not collected, it took approximately four months following
application for concentrations not exceeding 1 ug L™ to be detected during
rainfall events. However, it was also found that only rainfall events >10 mm in
24 h caused increases in metazachlor detection from 2.5 months following the
most recent application. Furthermore, the application of other pesticides such
as propyzamide that have physico-chemical properties that make them more
prone to adsorption compared to metazachlor during this time period can result

in increased concentrations of metazachlor detected during rainfall events.

The concentration of metaldehyde was also measured during the
monitoring period because of its association with historic water quality concerns
(chapter 2). However metaldehyde had not been used on the farm for
approximately three years. Even so, during a period of heavy rainfall at the end

of March 2016 metaldehyde concentrations reached 0.65 pg L™ (Figure 3.10).
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Figure 3.10 — Concentrations of metaldehyde detected at the Pl and PO as monitored by rain dependent sampling for the period between
August 2015 and May 2016.
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Metaldehyde can be rapidly degraded under aerobic conditions (EFSA,
2009; Thomas et al., 2017). The reported half life (DTso) value for metaldehyde
undergoing aerobic degradation in soil is 5.1 days, with the DTs in the water
phase being only 11.5 d and 12.2 d for the water-sediment phase, although it is
also noted that metaldehyde is stable to photolysis and hydrolysis (PPDB,
2014). These results suggest that metaldehyde should be degraded relatively
quickly in soil and water. However this does not align with the observations
seen here which show significant persistence of metaldehyde in the
environment. EFSA (2009) note that metaldehyde was found to be near stable
under anaerobic conditions. If metaldehyde had been washed into the pond
during previous storm events and then trapped under anaerobic conditions
within the sediment, this may explain how the detection of the pesticide at the
farm pond three years after metaldehyde was last used on the farm was
possible. Anecdotal evidence of increased sediment presence in samples
during and shortly after rainfall events supports a theory of disturbance and
remobilisation of sediment in the pond during storm events and thus explains
increased metaldehyde detection during these periods. Since the
concentrations of metaldehyde observed were all below 1 pg L™, the impacts on
the environment and water quality would be low due to the high dilution factors

that would occur once the pesticides reached larger water bodies.

Additional sampling points were set up at the FI and FO in February
2016 and monitored until May 2016. Sampling at the FI was carried out in order
to establish whether any pesticides were entering the monitored catchment from

adjacent farmland. Sampling at the outlet of the farm took place to understand
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whether any changes in concentration occurred between the PO and the FO. All
pesticide concentrations detected at the FI sampling location were below 0.1
ug/L (Figure 3.11). This means there was little to no movement of pesticides

from the adjacent farmland into the trial catchment area.
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Figure 3.11- Metazachlor and propyzamide concentrations detected in the FI and FO locations against rainfall between February and
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shown.
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The highest concentration peak for propyzamide was recorded at the FO
on the 9" March was 5.67 ug L™, 1 pg L™ less than the maximum concentration
found at the PO on the same day (6.61 pg L™). The third peak concentration of
propyzamide detected at the FO during the 18.3 mm event was 4.19 ug L™ and
so exceeded the concentration from the PO which was 3.42 ug L™. The final
peak detected for propyzamide at the FO (1.49 pg L) resulted in similar values
being observed to those at the PO (1.79 pg L™?). This may be explained by an
initial dilution of pesticides as run-off from other fields and adjacent non-cropped
areas entering the drainage system. In addition, the farming practices being
undertaken in the catchment such as horizontal furrows across the slope when
ploughing and a wider buffer zone (approx 5 m) at the FO sampling location
(compared to smaller buffer zones in other field of 1-2 m) coupled with the
shallow slope of field 8 may have caused a delay in the movement of
propyzamide. This would account for peak concentrations at the FO not
exceeding those seen at the PO in the initial rainfall events. Subsequent heavy
rainfall events then resulted in the mobilisation of pesticides via field drains from
field 8, downstream of the pond. The following section discusses the pesticide

loads during rainfall events at the Pl and PO locations.

Pesticide loads were calculated for the Pl and PO using Equation 3.1.
Total loads were calculated for the time period from when the Pl monitoring
equipment was installed, 29" October 2015, to 19" May 2016 (Table 3.2). Eight
elevated pesticide events (>1 ug L™) were identified throughout the sampling
period (Figure 3.12) and the pesticide loads were calculated for each event

(Table 3.1). The highest loads were detected for propyzamide at the Pl during
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the first major rainfall event following application (event 4) and was calculated to

be 49.79 g of pesticide.
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Figure 3.12- Flow rates into and out of the farm pond between November 2015 and May 2016. Each number denotes an event where

elevated pesticide peaks were detected. Metaldehyde concentrations are not shown due to all detections being below 1ug/L.
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There was evidence that the pond had some impact on pesticide
retention for propyzamide and metazachlor, with overall removals of 10.6 g and
6.47 g respectively (Table 3.2). The pond also provided retention of
propyzamide during event 4, removing 22.61 g of pesticide during the largest
pesticide load input into the pond. However, subsequent loadings show higher
values of pesticide at the outlet as compared to the inlet, suggesting that the
pond only has a buffering capacity during the first rainfall event after application.
Subsequent events caused desorption and resulted in higher loads being found
at the PO. For metaldehyde, the pond appeared to act as a sink that slowly
releases the pesticide resulting in a net loss of 0.66 g over the sampling period
of December 2015 to April 2016. Net losses of metazachlor were seen during
event numbers 4 and 7 (Table 3.1). Event 4 was the first major rainfall following
propyzamide application and event 7 was the largest rainfall event that occurred
over the entire sampling period. This further supports the conclusion that
competition with other pesticides and the extent of rainfall are factors that
negatively affect the adsorption of metazachlor in the farm pond. These results
suggest that although ponds have the potential for pesticide removal in the first
instance, they are prone to re-release of pesticides due to a mixture of
resuspension of sediment and competition from other pesticides and natural
organic matter that gets washed into the pond during subsequent storm events

(Gao et al., 1998b; Budd et al., 2009; Guittonny-Philippe et al., 2014).
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Table 0.2- Total pesticide loads for Pl and PO with net removal for the sampling period
20" December 2015 and 14™ April 2016

Pesticide Load at Pl | Load at PO | Load
(9) (9) removal
(9)
Propyzamide | 68.52 57.92 10.6
Metazachlor | 13.24 6.77 6.47
Metaldehyde | 2.98 3.64 -0.66

This study showed that monitoring rainfall directly is a viable method that
could be used to indicate the risk of pesticides in run-off. Additionally, rainfall
dependent sampling has been shown to be useful to identify the amount of
rainfall required to mobilise pesticides into run-off. In the case study here, this

was shown to be rainfall events which exceeded 10 mm in a 24 h period.

3.5 Conclusions

This study developed a new method of sampling based on rainfall to
determine the effects of storm events on pesticide run-off for two pesticides on
a farm catchment in Wolverhampton. The effects of both rate and total amount
of rainfall, especially within a 24 h period, were the main contributing factors to
high concentrations of pesticides being detected in agricultural run-off. There
was little evidence to suggest that biodegradation plays much of a part in
pesticide removal once the pesticides enter the farm drainage system following
the first storm events as seen by the negative removal rates in Table 3.1. In
addition to this, the fact that metaldehyde was detected well beyond the period
that it should have been degraded. The evidence supports adsorption as the

main means of pesticide removal. The data also showed that pesticides already
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adsorbed onto pond sediment could be desorbed back into the water. The high
flow rates observed when high concentrations of pesticides were seen in run-off
limit the potential for pesticide removal processes to take place in farm pond
systems due to their limited volume. This method of sampling could be used as
a more targeted and cost effective means for catchment management in order
to confirm high risk agricultural areas for pesticide run-off and so better utilise
their resources. Further work should be targeted towards the use of rain
dependent sampling at sites with different slopes, soils and pesticide use to
determine how these factors affect the point at which enhanced run-off occurs.
This is particularly the case for sites with steeper slopes and soils that are more
conducive to higher rates of hydraulic conductivity in order to test whether there
still exists a lag time/ intensity of rainfall required for pesticide contamination to

appear in the farm drainage systems.
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4.1 Abstract

The performance of six different forms of AC (four spherical beads, one
granular and one fabric medium) were analysed for their ability to remove the
pesticides metaldehyde, metazachlor and propyzamide from deionised and raw
water. Kinetic and isotherm adsorption experiments were carried out on
solutions containing these pesticides to determine the speed of adsorption and
their adsorption capacity. These tests were carried out to understand the
properties of each medium that make them suitable for application in
agricultural environments to adsorb pesticides from field run-off. The largest
sized polymer derived AC bead (PDACB) (696 um), PDACB-D had the highest
uptake rate for metaldehyde within a 30 min contact time using the pseudo
second order model, with a rate of 0.28 ug g* min™. However PDACB-D also
had the lowest adsorption capacity as indicated by the Freundlich constant (K)
in raw water of 14.9 (ug g)(ug L) . Although the smaller PDACB (452-459
um) had a higher capacity for metaldehyde adsorption (2957-5421 (ug g™*)(ug L°
H¥ in deionised water; 436-1470 (ug g™*)(ug LYY in raw water), they also had
the slowest uptakes of 0.02—0.1 ug g* min™. The headloss through media beds

was calculated over a range of flow rates to determine the practicality of
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applying adsorption media in the field under storm-flow conditions. Due to the
small size of the beaded and granular forms of carbon (<1 mm), headlosses
were high for these media with headlosses up to 15 m at flow rates of 50 L/s. As
shown by the models used the similar capacity and kinetics observed for the
fabric AC in comparison to the particulate media and the opportunity to orientate
the fabric into low headloss configurations mean that the AC fabric would be the
best medium for treating pesticide run-off under storm conditions within

agricultural watersheds.

4.2 Introduction

Pesticides impact on water quality in many parts of the world where
concentrations have been seen at levels high enough to cause concern to
inland watersheds in Europe, North and South America, South Africa and India
(Kreuger, 1998; Ferenczi et al., 2002; Mamta et al., 2015; Pérez et al., 2017;
Gakuba et al., 2018). Even marine environments such as the great barrier reef
in Australia have been affected by pesticide contamination (Smith et al., 2012).
In the UK, as in other countries where crop growth is seasonal, the issue of
pesticide pollution into water courses is amplified at certain times of the year,
coincidental with the application of specific chemicals. This has implications for
drinking water quality when pesticides enter water courses used for potable
water abstraction. Pesticides can enter water through diffuse routes such as
leaching, run-off, drain flow, spray drift and atmospheric deposition (Holvoet et
al., 2007; Vymazal and Bfezinova, 2015) or point sources such as from
spillages and cleaning of spray equipment (Holvoet et al., 2007; Tediosi et al.,

2012). The allowable concentration of individual pesticides in drinking water is
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0.1 pug L™ and for total pesticides is 0.5 ug L™. The concentrations detected in
the source water before they reach the WTW can reach levels of >5 pg L™ for
individual pesticides (Drinking Water Inspectorate, 2016). Concentrations in
field run-off have been reported to reach up to 100 pg L™ (Mohr et al., 2007;
Silburn et al., 2013). There are a number of pesticides that are of particular
concern for drinking water quality. Many are herbicides that, due to their mode
of action, are highly mobile to promote their uptake by the target plants. This
mobility means that, particularly during rain events after application, these
pesticides can move in relatively high concentrations via leaching or surface
run-off from their area of application into water courses and therefore provide a
threat where abstraction for drinking water occurs. The molluscicide
metaldehyde is also of particular concern in the UK due to its regular detection
in drinking water above 0.1 pg L™* (Drinking Water Inspectorate, 2016).
Metaldehyde is polar with a log Koy 0f 0.12 (PPDB, 2014) indicating that it has a

preference to be in the water phase compared to being adsorbed.

A number of other pesticides that have caused significant issues for
drinking water quality are associated with one particular crop, namely oilseed
rape. These pesticides include metazachlor and propyzamide (HGCA, 2009;
Twining et al., 2009; Clarke, 2014; Voluntary Initiative, 2015). Oilseed rape is a
crop that needs a high input of pesticides in its early stages of growth in order to
become established. This also means that when the pesticides are applied
there is unlikely to be much plant growth to act as a physical barrier to help slow

the pesticide movement via surface run-off.
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At present, the main way by which pesticides are removed from drinking
water sources is at the WTW. This is through processes such as ultraviolet (UV)
light, adsorption, and oxidation processes such as ozone which is commonly
combined with GAC (Crittenden et al., 2005; Shi et al., 2012). However UV and
oxidation processes are high in cost and/or energy input for example it would
cost approximately £2.1 million to install a UV/H,O, system) (Jonsson et al.,
2016). In addition, removal of pesticides at WTW may not represent the most
efficient position to target bulk removal of pesticides. If a low-energy, passive
and low cost means of reducing pesticide concentrations could be utilised in the
field environment, where the contamination occurs, this would help to reduce
the pesticide load entering WTW and reduce the input of shock loads that many
treatment works struggle to deal with. The use of adsorption media has been
identified for application in agricultural watersheds as it is the most appropriate
method for application where pesticide contaminated water is collected over a
large area (>1 ha). In addition, such a system should be easy to install and
maintain, as well as providing a passive means of treatment without external
power requirements. It would also only need to treat relatively small volumes of
water compared to WTW enabling smaller, temporary treatment systems to be

installed.

The aim of this research was to determine the most practical and efficient
adsorption medium for removal by adsorption of three pesticides with differing
physico-chemical properties. Consideration was given to the capacity of
removal, the kinetics of adsorption and the impact of the background matrix on

adsorption processes. Different structural forms of ACs have been compared
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(granular, spherical beads and fabric based media) in order to consider different
potential design configurations for the most appropriate and practical means of

application in agricultural watersheds.

4.3 Materials and methods

Three pesticides were studied:

e Metaldehyde, a particularly problematic pesticide in the UK for numerous
water companies due to its low adsorption partition coefficient (Kq) of
0.23 and low soil organic carbon/water partitioning coefficient (Koc) of
240. These values indicate that it does not adsorb well and a low octanol
water coefficient (log Kow) of 0.12 indicates that it is polar and therefore
has a preference to be in water rather than being adsorbed.

e Propyzamide, which has a low solubility in water (9 mg L) alongside
high Kg and Ko values (5.5 and 840 respectively) and a high log Ko
showing it to be a non-polar compound and therefore a preference to be
in the adsorbed phase.

e Metazachlor which has a high solubility in water (450 mg L) and a low
Koc (54) but its K4 and log Ko, values (0.78 and 2.49 respectively) fall

between those of metaldehyde and propyzamide (Table 4.1).

Analytical standards of these pesticides were obtained from Sigma-
Aldrich (Darmstadt, Germany) which were used to make stock solutions which
were made up in methanol at 1 g L™*. Working solutions were prepared from the

stock solution by adding the stock into deionised (DI) or raw water to give the
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required concentration range. The raw water was collected from a farm pond in
Wolverhampton and a sample was tested for pesicide presence. No pesticides
were detected in these samples. The proportion of methanol in the working
solutions was <0.1% of the total volume and so was not expected to have an

Impact upon the adsorption processes in the batch tests (Saha et al., 2013).
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Table 0.1- Properties of the three pesticides used in this study (PPDB, 2014)

Pesticide properties
Molecular Solubility
mass (g Chemical in water Log
Pesticide Substance group | mol™) formula (mg L™ pKa Kgd Koc Kow
Metazachlor Chloroacetamide 277.75 C14H16CIN3O | 450 n/a 0.78 54 2.49
Metaldehyde | Cyclo-octane 176.21 CgH1604 188 n/a 0.23 240 |0.12
Propyzamide | Benzamide 256.13 Ci12H11CILNO | 9 n/a 5.5 840 |3.3
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Polymer derived AC beads (PDACB) were obtained from Blucher
(Erkrath, Germany) and varied in their surface properties with respect to the
proportion of minimicro- (<1 nm), micro- (1-2 nm) and meso-pores (2-50 nm).
Filtrasorb 400 (F400) granular activated carbon (GAC) and a fabric activated
carbon (AC Fabric) were obtained from Calgon carbon (Tyne & Wear, UK). The
F400 GAC was ground and sieved to a size range of 425 - 600 um in order to
ensure a similar particle size range to the PDACB. The fabric was made up of
individual fibres of AC of approximately 10 to 15 pym in diameter. These fibres
were twisted together to form strands of 0.5 mm diameter which were in turn
woven with other strands to form the fabric sheets. The spaces in between the
woven strands (approx 170 x 330 um average) account for 17% of the total
fabric area. The fabric sheets were cut up into approximately 2 x 2.5 cm
squares and was dosed at equivalent masses as was used for the particulate
carbons. Raw water was collected from a farm pond in Wolverhampton,

containing field run-off and known to have pesticide contamination.
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Table 0.2— Properties of adsorption media tested.

Medium | Medium Typical Average Particle size | Pore size Pore size Pore size Reference
Type Specific particle size | range (um) | distribution distribution distribution
Surface (m) Minimicro- Micro- Meso-
2
Area (m (<1 nm) (1-2 nm) (2-50 nm)
o) (cm® g?) (cm® g?) (cm® g?)
A PDACB Data not 451.6 398 - 510 Data not Data not Data not Provided by
available available available available manufacturer
B PDACB 1486 458.6 413 - 499 0.29 0.22 0.48 Provided by
manufacturer
C PDACB 1920 451.7 374 — 558 0.32 0.16 0.13 Provided by
manufacturer
D PDACB 1412 695.7 552 — 995 0.27 0.13 0.11 Provided by
manufacturer
E F400 GAC | 993 589.3 94 — 1550 0.26 0.37 0.28 (Lu and Sorial,
2004; Lian et al.,
2011; Golea,
2018)
F Fabric 1200 na na Data not Data not Data not Provided by
available available available manufacturer
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During batch adsorption tests, 100 mg of media was added to 100 mL of
water in conical flasks giving a media concentration of 1 g L. Each
experimental condition was run in triplicate. The medium was pre-wetted in DI
water overnight to remove any dust and particulates, and to saturate the
medium with water. The excess water was then removed by sieving and air
drying prior to experiments. 100 mL of DI water spiked with individual pesticides
to a concentration of 10 pg L™ was then added to the flask. Kinetics tests were
carried out to inform on the time needed for adsorption to reach equilibrium and
to determine the respective rate of adsorption for the different media. The test
solution was mixed on an orbital shaker (Stuart SSL1) for 1, 5, 10, 20, 30, 60,
120 and 480 min. For isotherm experiments, solutions using pesticide
concentrations of 10, 100, 500, 800 and 1000 pg L™ for metazachlor and
propyzamide and 10, 100, 500, 800, 1000, 2000, 3000, 4000, 5000 and 7000
ug L™ for metaldehyde were prepared. Adsorbents were added to conical flasks
at a concentration of 1 g L. The conical flasks were then placed on an orbital
shaker at 150 rpm for 24 h. For both kinetics and isotherm experiments, tests
were run firstly using pesticides spiked into deionised water and secondly with
pesticides spiked into raw water to understand the impact of the background
matrix on adsorption. The raw water had a pH of 7.5 and a turbidity value of
38.2 NTU. The raw water had a total organic carbon (TOC) of 13.8 mg/L,
inorganic carbon (IC) 22.5 mg L™, total carbon (TC) 36.2 mg L™, non-purgable
organic carbon (NPOC) 9.3 mg L™ and total nitrogen (TN) 15.8 mg L™. The
same experiments were then repeated using mixtures of all three pesticides at

concentrations between 10 - 1000 pg L™. After this period the flasks were
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removed from the shaker and filtered into glass vials using 0.2 um filters and

frozen at -4°C prior to analysis.

4.4 Analysis

Analysis was carried out using a Waters liquid chromatography-tandem
mass  spectrometer (LC-MS/MS), Aquity ultra-performance  liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS) and Sciex LC-
MS/MS with direct injection of pre-filtered samples. The calibration
concentrations used for pesticide determination were 0.1, 0.2, 0.5, 1, 2, 5, 8, 10
ug L. Where working solutions contained concentrations greater than 10 ug L’
! samples were diluted to within the calibration range. Calibrations were run at
the beginning and end of each run alongside quality control (QC) and blank
standards throughout to ensure accuracy. The concentration of samples was
determined using a regression of the average area from the chromatograms

obtained from the known standards.

4.4.1 Modelling

Isotherm and kinetics modelling was carried out in order to understand
the capacity and dynamics of the adsorption process, determine which factors
were dominant in the adsorption process and to compare the mechanisms of

adsorption for each of the tested media.

Adsorption rates and capacities were determined for the kinetic (the
notation ge is replaced with g; for kinetic datum not at equilibrium) and batch
studies using Equation 4.1 to give the adsorption mass normalised to the mass

of adsorbent (ug g™):
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\%4 .
qe = (Co — Ce) Equation 0.1

Co is the initial pesticide concentration (ug L™), Ce is the equilibrium
concentration of pesticide (ug L™), V is volume of solution (L) and m is the mass

of media used in grams (Jusoh et al., 2011).

The kinetics of adsorption was modelled using pseudo first order
(Equation 4.2) and pseudo second order (Equation 4.3) expressions following
protocols used by others (Nethaji et al., 2013; Saucier et al., 2015; Sanchez
Lopez, 2017). These models were used in the linear forms alongside the
intraparticle diffusion model (Equation 4.4) and the film diffusion model
(Equation 4.5), to determine whether intraparticle or film diffusion was the rate

limiting step in the adsorption process.

Ln(ge - qt) =1In qe - kit Equation 0.2
t 1 1 Equation 0.3
— = —+ —t

qt kZQe de

qe = kita+ ¢ Equation 0.4
In(1-2=-Rit Equation 0.5

de
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k is the rate constant (ky min™; k; g pg™* min™; k pug g* min*?

)and tis
time in minutes. C (ug g) represents the intercept and can be used as an
indication on the size of the boundary layer (Nethaji et al., 2013). R' (min?) is

the liquid film diffusion constant (Qiu et al., 2009).

The adsorption data from Equation 1 was fitted to the Freundlich model
(Equation 4.6) which describes multilayer adsorption (Boudesocque et al.,

2008).

q. = KCA/m Equation 0.6

ge is equilibrium adsorption capacity (ug g*'), C is the chemical
concentration in solution (ug L™). K; is an empirical constant indicating the
capacity of the adsorbent for the adsorbate at equilibrium (ug g*)(ug L), and
1/n is unitless and is also an empirical constant that indicates the intensity of
adsorption (Crittenden et al., 2012; Njoku et al., 2015). The linear form of the

Freundlich equation is:

1 Equation 0.7
logq., = logKf +£logC
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The data was also fitted to the Langmuir model (Equation 4.8) which

describes monolayer adsorption (Boudesocque et al., 2008).

Ge  qmKL Gm

Ce 1 N Ce Equation 0.8

Where g, is the maximum adsorption capacity and K, is the Langmuir constant.

4.5 Results & discussion
4.5.1 Kinetics

The AC fabric showed the most rapid removal of metaldehyde from the
water (Figure 4.1), with 8.5 pg g™* (61%) removed after 5 minutes and 12.4 pug g’
! removal after 30 minutes (92%). This was followed closely by F400 GAC with
4.7 ug g* (44%) removed after 5 minutes and 10.1 pg g’ removal after 30
minutes (89%). The PDACB took longer to adsorb the pesticide although all the
media had the same degree of removal after 8 h of between 9.1 and 13.2 ug g’
! close to the starting concentration. The slowest medium for adsorption of
metaldehyde after 1 and 2 h was PDACB-D, with 8.1 and 9.6 ug g™ removal
respectively, this represents 66 and 81 % removal from the solution. PDACB-D
was the largest of the AC beads tested, with an average particle size of 695.7
pum (Table 4.2). The uniformity of the bead sizing and shape shown by the

particle size distribution (Figure A-11 in Appendix A) was likely to have

implications in terms of the speed of uptake. For spherical particles such as the
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PDACB, adsorption will occur more slowly due to the lower surface area to
volume ratio when compared to the more irregular cloth and granular forms of
AC. Irregular sized media therefore have larger available outer surface areas for
diffusion and mass transfer across the boundary layer (Lowell et al., 2004). The
datum for metaldehyde adsorption was best fitted to the pseudo-second order

model (Figure A-1 in Appendix A) using the linear form of the equation

(Equation 4.3) on a plot of qi vs t, with R? values ranging between 0.90 and 0.99
t

Table A-1 in Appendix A.
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Figure 0.1- Metaldehyde removal from DI water over 120 minutes for the
different AC media.

The F400 GAC had the fastest uptake of metazachlor with an average
removal of 8.6 pug g’ after 10 minutes compared to the other media which

ranged from 2.3 ug g™ after 10 minutes for PDACB-A to 4.6 pg g™ for PDACB-
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D (Figure 4.2). F400 GAC also had the highest removal after 120 min of 9.9 ug
g' compared to 7.8 pg g* for PDACB-A and AC fabric to 8.9 pg g™ for
PDACB-C. The majority of the data for metazachlor was best fitted to the
pseudo second order model with R? values ranging from 0.993 to 0.999
(Appendix A). There was one exception (PDACB-B) which fitted better to the
pseudo first order model with R? values of 0.453 for the pseudo second order
model and 0.647 for the pseudo first order model. However the data for
PDACB-B was skewed by a high level of removal seen in one of the replicates
at 30 minutes. As a result all comparisons have been made using kinetic data

obtained using the pseudo second order model.
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Figure 0.2— Average metazachlor removal from DI water over 120 minutes

Propyzamide removal occurred very quickly with average removals of 5.5

ug g* for PDACB-B to 6.9 ug g* for the AC fabric after just one min contact

time (Figure 4.3). This equates to rates of 85 — 95% removal achieved for all
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media after one minute. However due to the fact that experiments were run in
batches with two media in triplicate at each time point, total adsorption extent
cannot be reliably compared for all media. Propyzamide removal fitted very well
to the pseudo second order model with R? values of 0.998 — 0.999 for all media

(Figure A-3, appendix A).
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Figure 0.3— Average propyzamide removal from DI water over 120 minutes

Y2 and linear

For the intraparticle diffusion model, g; was plotted against t
regression was used to find the fit of the data. Linear regression was also used
for the film diffusion model which was a plot of In(1-gt/ge) against t. If the
regression line dissects the origin, this shows that only a single factor (i.e.
intraparticle or film diffusion) was the sole rate limiting step. If the line does not
go through the origin, this indicates that more than one factor is responsible for

limiting the rate of kinetic adsorption. Neither intraparticle diffusion nor film

diffusion were sole limiting factors for any of the tested media for metaldehyde
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adsorption kinetics as shown by the regression analysis in appendix A (Figures
A-4, A-5) which do not go through the origin. F400 GAC and AC fabric fit better
to the intraparticle diffusion model compared to the film diffusion model
suggesting that intraparticle diffusion is more of a limiting factor for these media.
AC Fabric had the highest C value of 9.04 ug g*. The C value from Equation
4.4 is linked to boundary layer thickness and is indicative of the importance of
boundary later effects (Tao and Fletcher, 2013). PDACB-A, PDACB-C and
PDACB-D resulted in intercepts which were closest to the origin for the film
diffusion model. These results were indicative that film diffusion was a greater
limiting factor for metaldehyde adsorption onto the AC beads as compared to

F400 GAC or the AC fabric.

For metazachlor, none of the media for either the intraparticle diffusion or
film diffusion models went through the origin indicating that both intraparticle
and film diffusion are factors affecting adsorption kinetics (Appendix A).
PDACB-A to C fitted better to the film diffusion model with R? 0.97, 0.76, 0.94
respectively. The highest value of the intercept and therefore indication of the
largest boundary layer for metazachlor with the intraparticle diffusion model was
6.3 ug g* seen for F4A00 GAC. For propyzamide, neither the intraparticle
diffusion model nor the film diffusion model went through the origin for any of
the media (appendix A) showing that both film and intraparticle diffusion are
factors in the kinetic rate removal for propyzamide. PDACB-B and PDACB-D fit

fairly well to the film diffusion model (R? = 0.63, 0.68 respectively).

To determine if medium characteristics influenced the rate of adsorption,

the adsorption rate constants (K;) from the pseudo second order model were
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plotted against different properties of each media. A comparison of K, values
was plotted to compare the rate constant for the six different media for each of
the three pesticides (Figure 4.4). The K, was similar for each of the medium
tested particularly for the pesticides metaldehyde and propyzamide.

Metazachlor saw the greatest range of K, between 0.004 - 1.717 pg g™* min™.

B Metaldehyde m Metazachlor Propyzamide

hl:lll-

PDACB-A PDACB-B PDACB-C PDACB-D F400 GAC AC Fabric
Media

0.1 -

K (ug/g min-t)

0.01

0.001 -

Figure 0.4 - A comparison of the K, values determined for each medium for the three

pesticides: metaldehyde, metazachlor and propyzamide

Not all of the media were included in the analysis of K, and media
property due to a lack of available data concerning pore sizes for PDACB-A
and AC fabric and the fact that particle size was not applicable to the AC fabric.
A negative trend was found between rate constants and specific surface area
(SSA) (Figure 4.5). This suggests that media with a higher surface area were

slower at adsorbing pesticides. This may be to do with the fact that much of this
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surface area is found on internal surfaces in the form of meso-, micro- and
minimicropores (Table 4.2), and so adsorption takes longer due to slower
intraparticle diffusion for media with a larger SSA.. This was supported by the
results in Figure 4.6 which shows that the rate constant increases with
increasing particle size suggesting that in terms of kinetics, a larger outer
surface area supports faster adsorption. This outcome is in contrast to the
results found by Busquets et al., (2014) who saw faster adsorption with smaller
particle sizes. However very high concentrations of pesticide were used
alongside contact periods of up to 3000 min. This can skew the K value
obtained as the inclusion of data points close to equilibrium can act to increase
the intercept and decrease the slope and therefore does not give an accurate

representation of the kinetic adsorption rate.

The datum derived from the K, constants were in agreement with the
results found from the film and intraparticle diffusion models in that a larger SSA
together with a smaller particle size resulted in a slower kinetic rate. This was
due to a higher amount of the surface area being available within the particle
whereas the larger particle sizes will have a comparatively lower area of film
through which the pesticide will need to travel in order to achieve adsorption as
seen from the general trend of higher importance for intraparticle diffusion for

the PDACB medium compared to F400 GAC and AC Fabric.
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Figure 0.5- Rate constant derived from pseudo second order model vs. specific
surface area for five media in DI water individually spiked with three different
pesticides. Data shown on the y axis on a log scale to compensate for high K, value for
PDACB-D in metazachlor spiked solution.
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Figure 0.6- Rate constant derived from pseudo second order model vs. average
particle size for five media in DI water individually spiked with three different pesticides.
Data shown on the y axis on a log scale to compensate for high k value for medium D
in metazachlor spiked solution.

Rate constants were also plotted against available pore size distribution
data (Figure 4.7). There were no discernible relationships between the pore size
distribution of minimicro- micro- or mesopores and the rate constant for
metaldehyde and metazachlor. It may be that the availability of macro-pores
were an important factor in terms of providing pathways to adsorption sites
however this data was not available for the media. However, a positive trend
was seen between the micro pore size distributions and the rate constant
values for propyzamide which is in line with previous studies (Sorlini et al.,
2015; Bonvin et al., 2016). There was no perceptible relationship between

minimicropore size and rate constant or between rate constants and any of the
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physico-chemical properties of the pesticides tested. These results suggest that
there are specific relationships between media property and pesticide property

that could not wholly be explained by a single variable.
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Figure 0.7— Pore size distribution vs. rate constant derived from pseudo second order

model for DI water spiked with A) metaldehyde; B) metazachlor; C) propyzamide.
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4.5.2 Batch equilibrium tests — Metaldehyde

Metaldehyde was further studied with respect to the amount of pesticide
that could be adsorbed by the different media. This pesticide was selected as it
presents the expected worst case for adsorption given the high number of
drinking water compliance failures observed for metaldehyde in addition to its
low log Koc (2.4) value (Busquets et al., 2014). The removal of metaldehyde
from both DI and raw waters were modelled using both Freundlich and
Langmuir isotherms. However, the best fit to the data was the Freundlich model
so only these isotherms are presented here (Figures 4.8, 4.9). See Appendix A
for Langmuir data fit. Freundlich values were found by plotting the log ge against
log Ce. The Freundlich constant (K;) is derived from the intercept of the linear
regression line through the data. The strong fit of the data to the Freundlich
model agrees with results seen for metaldehyde adsorption in other studies

(Tao and Fletcher, 2013; Salvestrini et al., 2017).

These results suggests that multi-layered rather than single layer
adsorption occurred for metaldehyde on to the various AC media (Crittenden et
al., 2012). The K; differences between DI and raw water (Table 4.3) show that
raw water negatively affects the capacity for pesticide adsorption for all media;
however the most significant differences were seen for PDACB-D where the
capacity (K;) reduced from 2960.74 to 14.89 (ug g™*)(ug LY)Y" a reduction of
99.5%, and F400 GAC where the K; decreased from 1189.05 to 81.32 (ug g

HYug LHY" a reduction of 93.2%.
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Figure 0.8— Freundlich isotherms for metaldehyde adsorption in DI water
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Figure 0.9— Freundlich isotherms for metaldehyde in raw water.
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The media least affected by competing components in the raw water for
metaldehyde adsorption were PDACB-B, where the K; reduction was from
4383.29 to 1469.6 (g g)(ug LYY, a reduction of 66.5%; PDACB—C which
saw a reduction in K; from 2956.65 (ug g*)(ug L), to 436.01 (ug g*)(ug LHY"
a reduction of 85.3%; and AC fabric where K; reduction was from 583.98 (ug g
Hug LHY to 150.18 (ug g)(ug LHY", a reduction of 74.3%.A comparison of
the K; constants show that the highest K; rates were seen for the PDACB in DI
water with values between 2956.65 — 5421.26 (ug g)(ug L)Y and the lowest
K¢ was seen for PDACB-D and F400 GAC in raw water with values of 14.89

and 81.82(ug g ) (ug L)Y respectively (Figure 4.10).

The 1/n values greater than 1 are indicative of an S-type isotherm where
slow uptake is seen at low concentrations followed subsequently by high uptake
which then evens off as concentrations increase further (Ok et al., 2016). This
was the case for PDACB-A to D in DI water and PDACB-A,C, D and F400
GAC in raw water. 1/n values less than 1 indicate an L-type isotherm whereby
the adsorption decreases over time. This was seen for media F400 GAC and
AC fabric in raw water and PDACB-B and AC fabric in raw water (Baskaran

and Kennedy, 1999; Ng et al., 2017).
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Table 0.3—- Freundlich isotherm data for metaldehyde removal from DI and raw water

Medium DI Raw
1Un | K R | 1/n | K R? | Difference
(Hg g™ )(hg L (Hg g™ )(hg L NP
) ) (Mg g )Mo L
1\1/n
)
PDACB-A | 1.19 5421.3 0.90 | 1.36 779.8 0.74 4641.4
PDACB-B | 1.01 4383.3 0.90 | 0.77 1469.6 0.93 2913.7
PDACB-C | 2.08 2956.7 0.81]1.26 436.0 0.88 2520.6
PDACB-D | 1.19 2960.7 0.80 | 1.09 14.9 0.98 2945.9
F400 GAC | 0.53 1189.1 0.7711.23 81.3 0.94 1107.7
AC Fabric | 0.69 584.0 0.95 | 0.77 150.2 0.89 433.8
W DI Batch ™ Raw Batch
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Figure 0.10 — K; constant comparison for metaldehyde adsorption for Freundlich

isotherms from batch test data in DI and raw waters for six AC based media
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The Freundlich constants derived from the isotherms were plotted
against properties of the AC media tested (Figure 4.11, 4.12). A higher
adsorption capacity was found alongside an increase in SSA (Figure 4.11)
which is in line with previous research (Arefieva et al., 2015; Salvestrini et al.,
2017) as there are more available adsorption sites for adsorption to occur. The
presence of raw water caused a decrease in the amount of adsorption that
occurred likely due to competition for adsorption spaces from organic

components found in the raw water.
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Figure 0.11- Freundlich constants derived from Freundlich isotherm data for

metaldehyde adsorption against SSA of AC based media in DI and raw waters

No significant difference was seen between average particle size and
adsorption capacity in DI water, however an increase in the average particle
size had a negative effect on the amount of adsorption that occurred in raw

water (Figure 4.12). This was likely to be due to the fact that the media which
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had the largest particle sizes also had the lowest SSAs. In addition, the largest
particle sizes also had the lowest volume of minimicropores (Table 4.2). These
factors together resulted in lower rate constants. Furthermore, the raw water
had a significant negative effect on the rate of adsorption of metaldehyde

indicating that PDACB-D was more impacted by the organic matter found in raw

water.
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Figure 0.12— Freundlich constants derived from Freundlich isotherm data for
metaldehyde adsorption against average patrticle size of AC based media in DI and raw

water

No significant relationships were seen between the rate constant and the

pore size distribution or the physico-chemical properties of metaldehyde.

AC fabric and F400 GAC showed the quickest adsorption, however
PDACB-A to C showed the greatest capacity. Although both kinetic uptake and
adsorption capacity are both important factors to consider, thought must also be

given to how each individual medium would be applied into an agricultural
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environment. The following section considers the practicality of using the

described medium in environmental settings.

4.5.3 Practicality of using adsorption media for application into
farm drainage systems

The applicability and practicality of the media is another important factor
that must be considered when looking at media application outside of a
controlled WTW environment. It is likely that the bead and granular media would
be best applied in a fixed bed as part of a constructed wetland. This is expected
to be the best application method for the medium into the agricultural
environment. This would enable an adsorption medium to remove pesticides
from the water in the period shortly after run-off into drainage systems has
occurred. Due to its flexible nature, there are multiple ways by which the AC
fabric could be applied. For example it could be adapted into a removable filter
that could be used at any suitable and accessible point in the farm drainage
system such as drainage ditches dependent upon the filter design. Agricultural
run-off can occur at high flow rates, for example flow rates up to 100 L s™* were
recorded by Bouchard et al.,, (1995) at a wetland-pond system collecting
agricultural run-off. The addition of particulate adsorption media in a fixed bed
are therefore vulnerable to significant headlosses at such high flow rates.
Headlosses have been calculated for a 255 m? bed, the size of a typical farm
pond, using the Kozeny Carmen equation (Equation 4.9) for a range of flow
rates (Crittenden et al., 2012). Calculations were made for all of the particulate

media (Table 4.4).

163



(1-8)% pulv 1—¢ Lv? Equation 0.9

g3 pwgd? I g3 g_d

HL :K‘U

H. denotes headloss; K, is the headloss coefficient due to viscous
forces; K is the headloss coefficient due to inertial forces; ¢ is the porosity of
AC, (assumed to be 0.641 according to the GAC porosity value used by Creek
and Davidson (2000)); u is the viscosity of water at a standard 10°C which was
0.0013 kg (m s) * (Judd, 2013); L is the depth of medium assumed to be 0.5 m;
v is the flow velocity (m s™); d is the diameter of the medium particle (m); g is
acceleration due to gravity (9.8 m s) and pw is the density of water (999.73 kg

m™ at 10°C).

Headlosses of up to 1.5 m were considered to be manageable based on
maximum potential headroom available in a constructed wetland for treatment
of low to moderate strength effluents (i.e. diluted) (Macenzie and Mcllwraith,
2015). This headloss was breached at flows >10 L s, increasing rapidly above
20 L s (Figure 4.13). This is an issue as increased pesticide loads in run-off is
commonly linked to storm events where flow rates above 30 L s™ are typical
(chapter 3) (Thomas et al., 2001; Borah et al., 2004, 2007; Stuart et al., 2012).
Flow rates will vary between locations dependent upon the local conditions,
such as the field slope, area being drained and soil conditions. Therefore large
run-off events resulting in fast flow rates >10 L s™ are less likely to receive
treatment from adsorption by a bed containing the PDACB medium or the F400

GAC and would cause flooding or need an unfeasibly large area to hold storm
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water. While headloss calculations were not carried out for the Fabric AC, this
medium could be configured into orientations that enabled a high degree of
water conductivity and low headloss but also a large surface area contacting the

water.
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Figure 0.13- Calculated headlosses for each medium at different flow rates

Although the PDACB had the highest capacity for adsorbing pesticides,
they were the slowest in the kinetics tests. This means that they would need a
longer contact time to achieve effective adsorption and therefore a greater
volume in which to hold the water would be required. Additionally the small size
(<1 mm) of the PDACB and the GAC media would make it difficult to retain
them in one place. Any containment structure would be an additional barrier to
adsorption, as it would need to be strong enough to prevent breakage or

piercing from debris caught up in the drainage system. In addition to this, the

165



containment material must also be porous enough to allow easy and fast
entrance for the water to avoid large headlosses and subsequent flooding. An
increase of the bead size results in less capacity, although faster uptake due to
the decrease of surface area to volume ratio. The capacity of the largeest bead
size PDACB-D (696 um) was also much more affected by raw water
constituents and increasing the bead size would be the only environmentally
safe way in which this medium could be used in the field. As a result PDACB
were deemed not suitable for use in an in-field treatment system. The F400
GAC worked well in both the capacity and kinetics tests however again, it
suffered the greatest decrease in performance when the raw water was treated
and so would not be a favourable option under raw water conditions. The
results of this study indicate that the AC fabric may be the best compromise
with respect to capacity, uptake speed and applicability in the field environment.
This was due to the comparatively lower impact of raw water on its adsorption
performance alongside the potential flexibility in terms of different possible

configurations of its application.

4.6 Conclusion

In conclusion, PDACB had the best adsorption capacity for metaldehyde
although their small size would make it difficult to deploy them within an
agricultural environment in a way by which they could be sufficiently contained.
An increase in bead size appeared to result in a reduction in adsorption
capacity, particularly in raw water. F400 GAC and AC fabric showed the fastest
adsorption kinetics for the pesticides tested. However F400 GAC, like the

PDACB, had a small particle size and thus would be subject to high headlosses
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at increased flow rates if used at velocities typically seen during storm events.
AC fabric provided the best overall compromise of adsorbent capabilities in
terms of the range of pesticides it can adsorb, its capacity, speed of uptake,
performance in raw water and its potential practical applicability within an
agricultural environment. The application of AC fabric may be able to overcome
the headloss issue by offering an increased contact surface area under higher
flow rates when pesticide risk is at its greatest as its use is not dependent on

being used in a filter bed.
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5.1 Abstract

The use of granular activated carbon (GAC) as an adsorbent is common
for the treatment of polluted waters. However, GAC is not suitable for use
outside of a water treatment plant for treatment of high flows in environmental
settings due to the small size of the granular particles. The small particle size
would make particle movement difficult to control and beds of medium would be
subject to high headlosses under high flow rates. The research presented here
looks at the potential of AC fabric to be used within an agricultural environment
for the purpose of pesticide removal during storm events. AC fabric was tested
for pesticide removal under dynamic flow rates at both laboratory and pilot
scale. Metaldehyde was removed under all conditions culminating in a 46%

removal rate over 700 L at pilot scale testing.
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5.2 Introduction

The use of pesticides in agriculture is often necessary in order to keep up
with the demands of a growing population. This however creates issues for
water utility companies in terms of complying to a strict limit of 0.1 pg L™ for
pesticides in drinking water, set by the Drinking Water Inspectorate (Drinking
Water Inspectorate, 2017). Certain pesticides such as metaldehyde are
particularly difficult to remove once they get into solution so can move in
relatively high concentrations and can present as shock loads once they reach
the treatment works (Giribaldi, 2013; Tao and Fletcher, 2013; Salvestrini, et al.,
2017). A study of the Thames catchment at the end of 2016 found metaldehyde
peaks of up to 0.9 pyg L™ in surface waters with previous studies reporting peaks
as high as 9.8 yg/L (Kay and Grayson, 2014; NFU, 2017). A report from the
Pesticides Forum (2014) stated that metaldehyde is a cause of risk for 20% of
drinking water protected areas and contributed towards the failure of good

status of groundwater at two UK sites.

The removal of pesticides from water at an agricultural stage is difficult
for a number of reasons. Firstly run-off events are associated with high rainfall
and in turn increased flows (>10 L s™) (Maillard et al., 2011; Xu, et al., 2015).
The application of adsorption media such as granular activated carbon (GAC),
the standard adsorption medium used by water treatment companies for
pesticides removal, at this stage would result in a very high headloss. This in
turn would necessitate an extremely high area requirement in order to get the
contact time needed to sufficiently remove the pesticides (chapter 4). Due to the

often dispersed nature of land ownership, alongside the fact that the UK is a
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fairly small country with space at a premium, this approach is unlikely to make
much headway. There would also be a high cost and energy requirement
associated with the application and replacement of the medium once it was
exhausted. The exhaustion of the medium would be exacerbated by the
presence of other compounds in the water such as humic acid leading to a

more regular need for replacement.

The idea of using an AC fabric medium is that it could be applied easily
and temporarily in the case of a high rainfall event in the time period following
pesticide application. Due to the fact that the AC is in a fabric form, it could be
oriented to counteract the high headloss issue that would be caused by the
application of granular media and so retain a high surface contact area under
greater flow rates. An increased land area may still be required, however
because of the greater contact surface area achievable by the AC fabric, this
requirement should be lower than that needed for an equivalent GAC bed. It
must be noted that the concept of using fabric AC is for it to act as a buffer and
reduce peak concentrations so that the pesticides can be better dealt with when

they reach the treatment works.

There have been a number of studies looking at catchment management
and the modelling of metaldehyde to get better predictability of when it may be
an issue in rivers and affect extraction for potable water (Lu, et al., 2017; Asfaw,
et al., 2018). A few studies have explored the use of activated or modified cloths
for the purpose of pesticide removal from aqueous mixture at laboratory scale
studies (Ayranci and Hoda, 2004, 2005; Abdelhameed et al., 2018). Other

studies have looked at techniques and means of metaldehyde removal at the
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water treatment stage such as adsorption by AC and using purpose built
adsorption resins (Busquets, et al., 2014; Salvestrini et al., 2017), advanced
oxidation processes using UV/H,0, and UV/TIO, (Autin, 2012; Jefferson et al.,
2016) and biological means of degradation (Thomas et al., 2017). This research
therefore helps to bridge the gap between these two areas of research in terms
of providing a low cost, low energy means of preliminary treatment in the field.
This would enable treatment to be maintained at increased flow rates to help
reduce pesticide movement in water courses and reduce the impact and loading
of pesticides on to water treatment facilities. To the authors knowledge, the use
of fabric to remove metaldehyde has not been reported before nor has the use

of AC fabric as an in catchment solution.

5.3 Materials and methods

AC fabric was obtained from Calgon Carbon (Tyne & Wear, UK). The
fabric was 1 m wide and 1 mm thick and was made from woven fibres of AC
(Figure 5.1). The fabric used in this study cost £25.80 per meter. Pesticide
standards for metaldehyde were acquired from Sigma-aldrich (Darmstadt,
Germany) and made into 1 g L™ stock solutions with DI water (conductivity =
0.05 mS cm™) and then diluted down to the required test concentration using DI
water. Raw water was collected from field run-off from the Cranfield university
campus adjacent to the pilot hall building and used for the laboratory scale
testing. The run-off flowed into Chicheley Brook which runs alongside campus
roads, student accommodation and bordering arable farmland which contained
oilseed rape at the time of collection. Characterisation of the raw water revealed

a concentration of: TOC 7.1 + 0.5 mg L™, NPOC 4.6 + 0.5 mg L™, TN 2.7 £ 0.5
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mg L?, UV254 0.14 + 0.003 AU, pH 7.7. Raw water was also analysed for

metaldehyde, metazachlor and propyzamide however no traces of these

pesticides were found.

Figure 0.1- Electron microscope image of AC fabric

5.3.1 Laboratory testing

Initial cross flow tests were carried out using a Sterlitech membrane
distillation cell (Washington, USA) (Figure 5.2) with flow rates between 0.5 to 2
L min™ using a Watson Marlow 520S peristaltic pump (Falmouth, UK). These
tests were carried out in circulating 1 L batches with a starting concentration of

10 pug L™ . The active membrane area was 140 cm? (Sterlitech, 2016). A shim
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(spacer) was used in the setup to give a cross sectional area of 141 mm? such
that the cross flow velocity was varied between 0.06 and 0.24 m s™. The
permeate outlet was blocked off so that all outlet flow from the cell was from
retentate flow across the fabric. Aliquot samples of 1 mL were taken from the
batch at timed intervals. Further tests were carried out in recirculated batches
with the batch concentration renewed to the 10 pg L™ starting concentration

after 100 minutes run time.

Peristaltic [_ 7
pump e

reservoir

Membrane cell

Activated
carbon fabric

Figure 0.2- Fabric membrane cell setup schematic and photograph
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5.3.2 Pilot testing

Pilot scale trials were conducted in a 30 L flume with dimensions of 2.5 m
length, 0.1 m wide and 0.12 m water depth controlled by a weir (Figure 5.3).
Strips of 0.1 m x 1 m AC fabric were cut and collected into 2 m? and 8 m?
bundles and fixed into the flume to filter the flow of water (Figure 5.4). Plastic
beads (5 mm) were used as spacers between fabric sheets in order to maintain
an even distribution of fabric across the width of the flume. Bundles were held in
place using carabiner clips attached to chains that ran the length of the flume.
The carabiner clips attached to short lengths of stainless steel cable which were
blocked off at the ends in order to keep the bundles of fabric as distinct
packages (Figure 5.4). The flume was operated at flow rates of 2 L min™ and 10
L min™ equivalent to a velocity of 0.003 and 0.014 m s™ at a water level of 120
mm. As such this ensured that the whole fabric area was fully submerged in the
water. Raw water was spiked with pesticide to ensure a 10 pg L™ concentration
was reached. The solutions were made up as 1000 L batches which were used
as a single pass through the flume for each run. After each run, solution from
the outlet IBC was pumped back into the inlet IBC and the concentration in the
inlet was topped back up to 10 pg L™. The characteristics of the feed water
were measured at the beginning of the trial and revealed concentrations of:
TOC 4.6 + 0.5 mg L™*, NPOC 6.0 + 0.5 mg L™, TN 4.5 + 0.5 mg L™?, pH 9.3,
UV254 0.083 + 0.003 AU, Turbidity 5.27 NTU. Aliguots of 1 mL were taken and

filtered in preparation for analysis at timed intervals.
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Figure 0.3- Set up of pilot channel and schematic
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Stainless steel cable with Activated carbon fabric
plastic spacer beads bundle

Carabiner clips

Figure 0.4- Annotated picture of how bundles were attached into the channel using
stainless steel cables that punctured the fabric that were attached to chains using
carabiner clips to hold the fabric upright in the flow of water. Photograph shows the

edge of a 2 m? bundle.

5.4 Analysis

Humic acid concentration was measured in terms of UV254 on a Jenway
spectrophotometer (Staffordshire, UK). Pesticide analysis was undertaken using
a direct injection method on Waters LC-MS/MS, Aquity UPLC-MS/MS and Sciex
LC-MS/MS. 1 mL samples were filtered using 0.25 um filters into glass vials
immediately after being taken. Metaldehyde calibration standards for LC-
MS/MS methods were carried out within a range of 0.1-10 ug L™. Quality
controls of 5 ug L' were used throughout the analysis alongside blank

standards to ensure accuracy.
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5.5 Results and discussion

5.5.1 Laboratory scale tests

The metaldehyde concentration continually decreased across all trials
reaching final values of 0.1 pg L™ for the 1 L min™® and 2 L min™ runs and
between 0.17 and 0.26 pg L™ for the 0.5 L min™ runs (Figure 5.5). The time
required to reach the final levels varied with flowrate such that it was achieved
after 3.5, 14 and 56 minutes for the 2, 1 and 0.5 L min™ runs respectively.
Accordingly, the 0.014 m? of adsorbent fabric treated a total of 7, 14 and 28 L of
water before removal of all the available metaldehyde from the batch solution.
The equivalent mass removal rates are 0.08, 0.26 and 1.01 pg g* min™
(15.4, 51.9 and 202.5 ug m? min?) indicating that the systems is mass loading
limited, as the rate of removal increases as the flowrate was increased. Results
from the batch adsorption experiments compared the AC fabric with a
commercial GAC (F400) with respective uptake rates of 0.41 and 0.34 ug g™
min™ (chapter 4). Equilibrium and kinetic modelling revealed the AC fabric to
follow an L type Freundlich isotherm with the uptake best described through an
intraparticle diffusion model (Chapter 4). Equilibrium capacity constants for the
AC fabric were 583 pg g™ in DI water reducing to 150 pg g™ in raw water. The
equivalent data for F400 was 1189 ug g* and 81.3 ug g™ respectively indicating
that the AC fabric enables fast uptake but had reduced capacity compared to
traditional ACs. The total uptake during the current trial using the AC fabric was

3.8 ug g, representing 0.32% of the previously measured equilibrium capacity.
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Figure 0.5—Removal of metaldehyde in the membrane flow cell at different flow rates.

The above runs indicated that the metaldehyde uptake rate onto the AC
fabric was mass limited and underutilised, implying it could treat substantially
more volume. To test this, a single piece of fabric was repeatedly used to treat
multiple batches of water containing 10 pg L™* metaldehyde solution. Each cycle
consisted of 200 circulations through the membrane and was run at 2 L min™ to
give a contact time of 3.5 minutes. Metaldehyde removal continued throughout
the fifteen batches tested during the DI water trial, with only a small decrease in
uptake such that the overall residual in the batch was 1.4 mg L™ higher at the
end of the fifteenth cycle as compared to the first cycle (Figure 5.5). This
eguates to a residual metaldehyde concentration at the end of each cycle which
increased from 0.08 pg L™ after the first cycle to 1.48 pg L™ after the fifteenth
cycle demonstrating that the fabric was still effectively removing metaldehyde.

Across the whole trial the 0.014 m? sheet of fabric removed 138.6 ug of
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metaldehyde representing a capacity of 9900 pg m™. The residual concentration

was best fitted to a linear regression with the expression:

Residual metaldehyde concentration (ug/L) = 0.0265(contact time (minutes)) +

0.0127
The expression has a regression coefficient (R?) of 0.989.

The equivalent trials in raw water reduced the uptake of metaldehyde
during each cycle, which also decreased in the adsorbed capacity more
significantly than observed in the case of DI water (Figure 5.6). To illustrate, the
residual metaldehyde concentration in the batch after each set of 200
circulations was 2.2, 4.0, 4.83, 5.86. 6.15 and 6.86 ug L™ for cycles 1 to 6. This
equated to a total removal of metaldehyde of 30.1 ug as compared to 57.9 ug
during the equivalent six cycles treated in DI water. This equates to a 52%
reduction in capacity congruent with competition for adsorption sites from other
molecules within the water (Rolph et al., 2018). This, compared with the 74.3%
reduction seen during equilibrium batch studies, reflects the impact that kinetics
has over the overall affinity of adsorption. The residual metaldehyde
concentration after each cycle followed a logarithmic expression with an R? of

0.994.

Residual metaldehyde concentration (ug L") = 2.516In(contact time(mi