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Metaldehyde is the active ingredient in most slug pellets used to protect crops. This molluscicide is consid-
ered an emerging pollutant and is frequently detected in surface water bodies above the EU statutory
drinking water limit of 0.1 pg L™ for a pesticide. This presents a challenge for providers of drinking water.

Received 4th February 2017, Understanding the sources, transport and environmental fate of this compound is therefore important. This

Accepted 10th April 2017 critical review discusses these aspects including monitoring and analytical techniques used for the detec-

DOI: 10.1039/c7ew00039a tion of metaldehyde in environmental matrices. Novel techniques used for the removal of metaldehyde
from drinking water are presented together with potential catchment management strategies and initiatives

rsc.li/es-water useful for the mitigation of this molluscicide in the environment.

Water impact

Metaldehyde is a potent molluscicide and is applied to land as baited-pellets. Due to its physicochemical properties, metaldehyde runs off readily from
fields and enters surface water bodies where often it can be present at drinking water capitation sites at elevated concentrations. Understanding the
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occurrence, fate and mitigation of this pesticide in the aquatic environment is now a major concern.

Introduction

Metaldehyde is the active ingredient, typically at 1.5, 3.0 or
4.0% by weight, in 80% of slug pellets used globally. It has
been used as a molluscicide since the early 1940's. Metalde-
hyde is manufactured by Lonza as Meta® Metaldehyde. This
active ingredient is then formulated by a number of suppliers
(e.g. Certis or De Sangosse)'™ into granular bait pellets avail-
able under a range of trade names (e.g. Cekumeta®, Dead-
line®, Hardy®, Metarex® and Metason®).* In Europe, metal-
dehyde slug pellets are manufactured/formulated at three
plants in the UK, four in France, two in Italy and Germany,
one in Spain and Switzerland. Metaldehyde is classified as a
‘moderately hazardous' pesticide (class II) by the World
Health Organization® and a ‘restricted use pesticide’ by the
United States Environmental Protection Agency.’
Metaldehyde is not phytotoxic and is used by arable
farmers to protect crops such as cereals, oilseed rape and po-
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tatoes. The effective control of molluscs is a serious concern,
as without the use of such a pesticide, there would be high
losses of valuable crop products, together with associated
economic consequences.” In the UK it has been estimated
that a lack of effective slug control products could cost up to
£100 million a year in lost production.”

Approximately 1640 t of metaldehyde were used in Great
Britain between 2008 and 2014.> Metaldehyde is generally ap-
plied to land in the autumn and winter months when mol-
luscs thrive in the wet weather conditions.®

Due to the physico-chemical properties of metaldehyde, it
is highly mobile in soil, and hence once applied, it can run-
off under wet conditions into field drains, gullies and surface
waters. There is no designated substance specific concentra-
tion limit set for metaldehyde in surface or drinking waters.
Concentrations of metaldehyde in water bodies in the UK
have frequently exceeded the European Union's regulatory
drinking water standard for an individual pesticide (0.1 pg
L™ and 0.5 pg L™ for total pesticides present) during periods
when slug pellets are applied.’ This has become a major is-
sue for water companies in the UK and elsewhere when such
surface waters are used subsequently as potable supplies.
Furthermore, the high polarity of metaldehyde makes it diffi-
cult to remove using conventional (e.g. granular activated car-
bon (GAC)) drinking water treatment processes.'® Conse-
quently, metaldehyde is now considered an emerging
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pollutant of concern'" and there is interest in understanding
its source and fate in the environment. This is evidenced by
the increase in the number of scientific publications related
to metaldehyde, with sixty papers published since 2013
(Fig. 1).

This review assimilates the current knowledge on metalde-
hyde with particular emphasis on the effects of this pollutant
in the aquatic environment. It addresses the properties, fate
and concentrations of metaldehyde in water bodies, monitor-
ing and analytical techniques, and methods for its removal
from potable waters. Finally, future strategies for mitigating
the effects of metaldehyde and areas for future research are
discussed.

Properties and toxicity of
metaldehyde

Metaldehyde is a solid, synthetic, non-chiral aldehyde with
the chemical formula of CgH;50, and was first discovered by
von Liebig in 1835.> Metaldehyde is a dry alcohol, obtained
via the process of treating acetaldehyde with an acid catalyst,
such as hydrogen bromide. It is a cyclic tetramer of acetalde-
hyde and is classified as a highly polar organic compound. It
degrades to acetaldehyde, and thereafter into water and car-
bon dioxide. Metaldehyde is soluble and relatively stable in
water (Table 1).

The mode of action of metaldehyde is as follows - once
ingested it is rapidly hydrolysed to acetaldehyde, this causes
the mollusc to produce excess mucus, dehydrate and ulti-
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mately die.'”” Metaldehyde is a poison to most organisms
that ingest it, either directly or from consuming poisoned
prey. In mammals, metaldehyde is an irritant to the skin,
eyes, mucous membranes, throat and respiratory tract.'®
Acute exposure generally results in excitation or depression
of the central nervous system and is associated with symp-
toms such as an inability to stand, changes in respiratory
rate, excessive sweating, salivation, blindness, seizures or
death.” Following exposure, cellular changes in the liver
and kidneys have also been reported."”” These symptoms of
poisoning are thought to be caused by the metaldehyde
molecule itself rather than its break down product, acetal-
dehyde.” The oral LDs, of metaldehyde is species depen-
dent, as discussed below.

Cases of metaldehyde poisoning in humans are not com-
mon."®' Although metaldehyde has a mild toxicity, in rare
cases the clinical course of metaldehyde poisoning can be
rapidly deteriorating health leading to death.>’ Ellenhorn
and Barceloux®' reported that for minor effects to be ob-
served several mg kg™' of compound must be ingested and
serious impacts are observed above 100 mg kg™, with death
likely above 400 mg kg™ concentrations. Human deaths aris-
ing from metaldehyde poisoning in England and Wales have
been documented by Thompson et al.>

Metaldehyde poisoning is commoner in other
mammals®>* >’ and is the second most common cause of poi-
soning in canines after chocolate.”® This is thought to be due
to the formulation of slug pellets which contain baits to at-
tract molluscs; unfortunately these baits also have a tendency
to attract domestic pets.”*?° In companion animals,
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Fig. 1 Number of scientific papers published on metaldehyde from 1935 to early 2017 (source of data Scopus).
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Table 1 Chemical structure and physico-chemical properties of metaldehyde
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ingestion of metaldehyde causes seizures and convulsions in
combination with a fever, which has given rise to the name
‘shake and bake syndrome’.*" Toxicity of metaldehyde in cats
and dogs has been reported®*>* with LDs, estimates of 207
and 500 mg kg™ respectively.'” Poisoning by metaldehyde
can occur in cattle®®*® and horses®”*® with LDs, values of
400-500 and 300-400 mg kg™ respectively.'”

The effects of metaldehyde have also been studied in
other animal species. As earthworms share the same habitat
as molluscs they are often the most exposed soil dwelling or-
ganism during application of metaldehyde. Studies by Ed-
wards et al.*® and Langan et al.*® showed that exposure of
Lumbricus terrestris L. in microcosms to high concentrations
of metaldehyde had no effect on mortality, growth or feeding
rate. Hallett et al.*" investigated in the laboratory the impact
of metaldehyde on embryo development in the pond snail
Lymnaea stagnalis. Chronic effects from metaldehyde expo-
sure (high mg L™ range) on embryo development were ob-
served, however, the authors' suggest that at typical environ-
mental exposures (ug L") there is a low risk to the early
developmental stages of this gastropod mollusc. Further-
more, recent work by Moreau et al.** found that short term
in vivo exposure to metaldehyde (0.1 pg L™ in sea water) had
a negative effect on the immune system of Pacific oysters,
thereby increasing their susceptibility to various infectious
agents present in the aquatic environment. Poisoning by met-
aldehyde has been reported in some bird species.*’

Environmental behaviour and fate of
metaldehyde

In the UK, the agricultural use of metaldehyde as a mollusci-
cide has risen sharply since 1990, peaking over 2008 to
2009.” This may, in part, be as a consequence of the banning
of stubble burning in 1993.** Stubble burning was tradition-
ally used to kill snails and slugs and other pests and weeds
once crops were harvested. Additionally, other factors such as
changes to the crops being grown e.g. an increase in coverage
of oil seed rape and changes in weather patterns have also

This journal is © The Royal Society of Chemistry 2017

176.21 g mol ™

108-62-3
2,4,6,8-Tetramethyl-1,3,5,7-tetraoxocane
112 to 115 °C

0.188 g L ™" at 20 °C

0.66 mmHg at 25 °C

36 to 40 °C

1.27 gem™

0.12 at 20 °C

0.18-0.37

contributed to increased usage. Typically metaldehyde
containing pellets are applied to land using a spinning disc
applicator. Application is dependent on the percentage of
molluscicide present in the pellet. Guidelines for the loading
per hectare in the UK are available from the Metaldehyde
Stewardship Group (a consortium comprising Certis Europe,
Chiltern Farm Chemicals Ltd., De Sangosse Ltd., Doff
Portland Ltd., Frunol Delicia GmbH, Lonza AG, Makhteshim-
Agan (UK) Ltd., SBM Development).*> The maximum applica-
tion rate is set as 210 g metaldehyde as active substance (a.s.)
per ha. However, for the additional protection of water
courses, a reduced rate of 160 g a.s. per ha is recommended
with a maximum of 700 g metaldehyde applied per ha per
year. Alternatively, if applying 4%, 3% or 1.5% metaldehyde
pellets to crops, the MSG Guidelines suggest the spread
should be 5, 7 and 7.5 kg ha™ respectively and 4, 5 and 7.5
kg ha™" near water courses.">*®

When applied to land, metaldehyde degrades in soil to ac-
etaldehyde and then CO, and water, with a reported half-life
varying between 3.17-223 days depending on environmental
conditions.””” Due to its low organic-carbon/water partition
coefficient (K,.) (Table 1) metaldehyde moves in soil easily
and hence is found frequently in the aquatic environment.
Its movement in soil was studied by Zhang et al,*® they
showed that following spiking with metaldehyde (1 mg kg ™),
adsorption to soil was highest 4 days after application reduc-
ing slowly thereafter. After 21 days the concentration of met-
aldehyde was reduced significantly ~0.04 mg kg™. In addi-
tion to movement through soils and subsequently entering
field drainage systems, metaldehyde can also enter water
bodies directly by inadvertent spreading of pellets into water-
courses. This includes point sources such as spills onto hard
surfaces that are eventually washed into drains and surface
run-off from fields following heavy periods of rainfall. Re-
search by the MSG has shown that metaldehyde pellets are
readily washed into surface waters after storm events.’ Once
in water, metaldehyde becomes more persistent as degrada-
tion is slowed, hence the compound has some semi-
persistence in the aquatic environment.’
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Plants can take up metaldehyde, although a study showed
in cabbages (exposed to concentrations of 17.4-68.6 mg kg ™)
it was rapidly degraded to undetectable concentrations within
12 days.” Simms et al.*® investigated factors leading to uptake
of metaldehyde into oilseed rape and wheat. Results showed
that once seedlings had emerged metaldehyde was taken up
by roots and transported within the plant tissue.

Environmental concentrations of
metaldehyde

Recent improvements in analytical techniques have allowed
metaldehyde to be detected readily in river catchments.>
Metaldehyde was first detected in surface water in the UK in
2007 and subsequently has been identified intermittently in
some rivers (particularly those that run through intensively
farmed arable land) and reservoirs at concentrations that
exceeded the EU Drinking Water Directive value of 0.1 pg L™
for any pesticide®®* (Table 2). A major concern is where
such surface water bodies are used as supplies for potable
water. In order to mitigate this problem of deteriorating wa-
ter quality, field level scale pesticide risk maps (1 km grid
resolution as digital image files) have been produced for the
UK. These are used to identify areas at a high risk.”* This in-
formation has been used to identify and establish Drinking
Water Protected Areas (DrWPAs). In England (2014), over one
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hundred DrWPAs were identified as being ‘at risk’ due to
pesticide contamination exceeding the EU Drinking Water Di-
rective limit in raw water.>* Metaldehyde is the most signifi-
cant active substance, causing a compliance risk in 102
(21%) of these DrWPAs. At these sites deemed to be ‘at risk’
of being polluted, safeguard zones (together with associated
action plans) in the upstream parts of the river catchment
are then established. There are 118 safeguard zones in place
in England due to pesticide pressures. Of these, there are 96
in place for surface water and 22 for groundwater.>® Similar
action plans are in place for other parts of the UK. Although
the agricultural usage of metaldehyde in continental Europe
is generally higher than in the UK, most of these countries
rely on the use of ground rather than surface water for their
potable supplies.

These issues led to pressure from regulators and water
companies, on the manufacturers of such molluscicides, to
identify ways of reducing their overall environmental impact.
The industry-led MSG, based in the UK, started a campaign
called ‘Get Pelletwise’ (http://www.getpelletwise.co.uk/). This
educational initiative was directed at large-scale users of slug
pellets and aimed to try and prevent or minimise the move-
ment of metaldehyde to water sources. The ‘Get Pelletwise’
campaign developed the best practice guidelines when using
metaldehyde, covering issues including dosage rates per hect-
are, maximum application rates, no application within 6 m

Table 2 Water sampling locations and those exceeding the EU Drinking Water Directive (DWD) concentration limit (0.1 ug L™ for metaldehyde. Data

for English and Welsh water companies during 2015°®

Water company

Total number of tests sites

Tests exceeding limit Supply points failing DWD limit

Affinity Water 252
Albion Water 4
Anglian Water (leaving bulk supply) 268
Anglian Water (at consumer taps) 8
Bournemouth Water 99
Bristol Water 210
Cambridge Water (leaving bulk supply) 32
Cambridge Water (at consumer taps) 1
Dee Valley Water 48
Dwr Cymru Welsh Water (leaving bulk supply) 8
Dwr Cymru Welsh Water (at consumer taps) 73
Essex and Suffolk Water (leaving bulk supply) 76
Essex and Suffolk Water (at consumer taps) 134
Hartlepool Water 12
Independent Water Networks Ltd. 20
Northumbrian Water 282
Portsmouth Water 118
Severn Trent Water (leaving bulk supply) 545
Severn Trent Water (at consumer taps) 130
South East Water (leaving bulk supply) 303
South East Water (at consumer taps) 124
South Staffordshire Water 124
Southern Water 593
SSE Water (formerly Scottish & Southern Energy) 80
Sutton and East Surrey Water 23
Thames Water (leaving bulk supply) 706
Thames Water (at consumer taps) 9
United Utilities Water 56
Wessex Water 36
Yorkshire Water (leaving bulk supply) 136
Yorkshire Water (at consumer taps) 420
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of a watercourse, no application when heavy rain or winds
were forecast and no application if there was flow in field
drains.”® Other factors relating to field topography (e.g. slope,
soil type and drainage) affecting the movement of metalde-
hyde through the soil profile also need to be considered.
MSG in association with the Environment Agency (England
and Wales) also developed an information tool for farmers
called ‘What's in your backyard?’ (http://apps.environment-
agency.gov.uk/wiyby/). This is a geographical mapping appli-
cation showing areas in the UK at high-risk of potential con-
tamination by metaldehyde as well as other agricultural pol-
lutants. It was hoped by use of this tool a reduction in overall
usage of metaldehyde could be achieved.*

Despite these various campaigns, metaldehyde continues
to be found in surface and potable waters. For example in
the River Thames, concentrations of metaldehyde as high as
8.0 ug L were found during late August-October, 2012;
months often associated with heavy rainfall.® The maximum
concentration of metaldehyde found in treated drinking wa-
ter was ~1.03 ug L% detected in the UK in November 2007
and December 2008.°” However, this concentration does not
present an immediate human health risk as is below the ac-
ceptable daily intake (0.02 mg metaldehyde per kg body
weight).>” More recently concentrations of metaldehyde
found in the environment have tended to be lower as the in-
troduction of the MSG guidelines has reduced its overall in-
put to water. However, metaldehyde can still be detected reg-
ularly above 0.1 ug L™ (Table 2).

A study undertaken by Kay & Grayson® assessed UK water
quality data over a two and a half year period (2008-2011) for
concentrations of metaldehyde in surface and potable water.
Importantly their study showed that pollution by metalde-
hyde was not correlated with soil type, slope or crops grown.
Furthermore, the measured concentration of metaldehyde in
water sampled downstream of the water treatment works
showed no significant difference with the concentrations
found entering the works, thus highlighting the ineffective-
ness of conventional techniques for the removal of metalde-
hyde from water. Due to its semi-persistence in the aquatic
environment, metaldehyde remains a concern with respect to
drinking water quality, adding to the pressure on water com-
panies and environmental agencies to monitor this pesticide
effectively in river catchments and at point sources.

Analytical techniques for measuring
metaldehyde

With the regular detection of metaldehyde in surface and po-
table waters there has been a focused effort to develop suit-
able monitoring and sensitive, quantitative analytical tech-
niques for measuring this pesticide at low concentrations in
a range of environmental matrices.** Typically, instrumen-
tal techniques, such as gas chromatography (GC) coupled
with mass spectrometry (MS) and liquid chromatography
(LC) coupled with a triple quadrupole mass spectrometry
(MS/MS) are used. These are often used in conjunction with

This journal is © The Royal Society of Chemistry 2017
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isolation and pre-concentration techniques such as solid-
phase extraction (SPE). Some newer methods permit low
limits of quantification (<1.0 ng L") for metaldehyde."*°

Gas chromatography methods

Early work used GC to detect metaldehyde in a range of ma-
trices after its conversion to acetaldehyde® or by using
derivatisation techniques.®®* More recently, GC/MS has
proved popular for the analysis of metaldehyde, being a ro-
bust and relatively simple methodology.®*®> Most workers
use similar GC conditions with a non-polar column such as
DB5-MS.®® Typically, metaldehyde has a short retention time
(typically <8 min) on this stationary phase. High oven tem-
peratures of up to 300 °C are needed to elute all the analytes
that can be present, as dimers of metaldehyde and acetalde-
hyde can be formed in analysis and these bond more strongly
to the non-polar stationary phase.®® Table 3 summarises
some GC methods that have been used to measure metalde-
hyde in water. Highly specific, gas chromatography triple
quadrupole mass spectrometry (GC/MS/MS) instruments have
been used to analyse metaldehyde. ALS Environmental com-
pared the results obtained from GC/MS and GC/MS/MS tech-
niques for the analysis of metaldehyde in water. Generally
measurements obtained using the two approaches were in
good agreement, however, GC/MS/MS showed a higher degree
of compound specificity.®”

As water cannot be injected directly into a GC column,
aqueous samples require pre-concentration prior to instru-
mental analysis. This adds extra cost and is time consuming.
However, pre-treatment steps allow lower limits of detection
to be reached since 250-1000 mL water samples can be
extracted into a few mL of elution solvent. Often techniques
such as liquid/liquid extraction or SPE with different sorbents
are used for this purpose; some examples for the pre-
concentration of metaldehyde in water are given in Table 4.%°

Liquid chromatography methods

Use of LC/MS methods can overcome many of the drawbacks
associated with GC and LC/MS is now the method of choice
for most end-users. Although LC/MS instruments are more
expensive to purchase initially, they can measure simulta-
neously a wide range (>100 compounds) of polar pesticides
in water and other environmental matrices at low limits of
detection.”® Table 5 shows some of the LC/MS methods used
to measure metaldehyde in environmental matrices. Most
methods use triple quadrupole (LC/MS/MS) detection systems
or more recently time of flight mass spectrometry’* to allow
for greater analyte specificity. Generally the separation
methods rely on reverse-phase interactions using a non-polar
stationary phase in combination with a polar mobile phase
e.g. aqueous mixtures of acetonitrile or methanol.”> Usually
the mobile phase contains a buffer such as ammonium ace-
tate/formic acid,”® but this can lead to the formation of mul-
tiple adduct ions (e.g. [M + H]", [M + Na]’, [M + NH,]", [M +
K]"), thereby decreasing analytical sensitivity. Schumacher

Environ. Sci.: Water Res. Technol., 2017, 3, 415-428 | 419
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Table 3 Examples of gas chromatographic (GC) methods used for the analysis of metaldehyde in water
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Injection  Injection  Purge Purge  Retention  Limit of
GC column Carrier gas temp volume flow time time detection
HP-5MS, 30 m x 0.25 mm diameter,  Helium, 30 mL s * 300 °C 1 uL 50 mLmin' 1min 6.3 min 0.005 pg L™
0.25 um film thickness®
DB5-MS, 30 m x 0.25 mm diameter,  Helium, 2 mL min™* 250 °C 2 uL 50 mL min* 2min 6 min 0.003 pg L™
0.25 um film thickness®
DB5-MS, 30 m x 0.25 mm diameter,  Helium, 1.5 mL min™* 250 °C 1uL 50 mLmin' 2min 6 min 0.006 pg L™
0.25 um film thickness"
HP-5MS, 30 m x 0.25 mm diameter,  Helium, 1 mL min* 63 °C 1L _ _ 7 min 0.004 pg L™
0.25 um film thickness'
DB5-MS, 30 m x 0.25 mm diameter,  Helium, 2 mL min™* 270 °C 2 uL 50 mL min' 2 min 6.5 min 0.004 ug "
0.25 um film thickness®
SPB™-5, 30 m x 0.53 mm diameter,  Helium 5 mL min™" 100 °C _ 30 mL min* _ _
0.5 um film thickness*
HP-5MS, 30 m x 0.25 mm diameter, 1 mL min* 35°C 1 uL _ _ _ _

0.25 um film thickness®

Table 4 Examples of solid-phase extraction (SPE) techniques used to extract metaldehyde from water prior to gas chromatographic analysis®®

Sample Evaporation

SPE cartridge Conditioning solvent volume Elution solvent step Internal standard
BakerBond™ 10 mL methanol 250 mL 2 x 1 mL dichloromethane To 0.5 mL 5 uL
SDB1 200 mg 1,4-dichlorobenzene-d,
(3 mL)
Strata-X 200 2 X 2 mL methanol 250 mL 0.4 mL ethyl acetate : acetone 50/50% N/A 50 pL
mg (3 mL) (v/v), then add 1 mL iso-octane 1,4-dichlorobenzene-d,
Isolute® ENV 3 mL methanol + 3 mL buffer 1L+25 2x1mL ethyl acetate N/A 100 uL
+200 mg (3  solution (5.420 g potassium mL 1,4-dichlorobenzene
mL) dihydrogen phosphate + 7.772 g buffer

disodium hydrogen phosphate in 2 L solution

water)

Strata-X 200 3 mL 2,2,4-trimethylpentane + 3 mL

100 mL 3 mL acetone: ethyl acetate 50/50%
(v/v) (soak for 1 min before elution),
then add 3 mL 2,2,4 trimethylpentane

Post internal
standard to
200 uL

50 pL
1,3,5-trichlorobenzene-d;

(allow to soak for 1 min before

mg (3 mL) acetone : ethyl acetate 50/50% (v/v)

elution)
Strata-X 200 5 mL dichloromethane 500 mL
mg (6 mL)

et al.”* overcame this problem by using an alkyl-ammonium
buffer (methylamine) as the mobile phase additive, thus sup-
pressing the formation of unwanted alkali adducts and di-
mers of metaldehyde leading to an improved detection limit.
Modern instruments are now highly sensitive (~low ng L™
detection limits) and enable metaldehyde to be quantified by
direct injection of environmental water samples.

Monitoring of metaldehyde
Monitoring strategies

The prescribed concentration value (PCV) for metaldehyde at
drinking water capitation sites is often exceeded in the UK,
and is now a major problem for water supply companies
(Table 2). This led to the establishment of river catchment
monitoring programmes for this pollutant, and to initiatives
to convince the major users of this pesticide to reduce its use
in their agricultural practises. These include guidance in The

420 | Environ. Sci.: Water Res. Technol., 2017, 3, 415-428

2 x 2 mL dichloromethane each left
for 5 min before eluted

Post internal
standard to
0.5 mL using
nitrogen

50 pL
1,4-dichlorobenzene-d,

Voluntary Initiative - Promoting responsible pesticide use,”®
Catchment Sensitive Farming’® and the MSG*> whom have
promoted best practice in the application of metaldehyde.
However, the degree of voluntary action available to the agri-
cultural sector is constrained by both practical factors and fi-
nancial considerations. These aspects together with their im-
pacts on European regulatory considerations are discussed
further by Dolan et al.?**"

Metaldehyde is usually monitored in water by the use of
low volume (<5 L) spot (bottle or grab) sampling with subse-
quent analysis in the laboratory by GC/MS or LC/MS
methods. As the concentration of metaldehyde in surface wa-
ter can fluctuate over time the use of infrequent spot sam-
pling (typically collected weekly or monthly) is often an inef-
fective monitoring technique. This has been demonstrated by
Rabiet et al,** who showed that infrequent spot sampling
largely underestimated pesticide concentrations and fluxes
during storm events in a catchment. This finding agrees with

This journal is © The Royal Society of Chemistry 2017
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Column

Matrix LC conditions flow rate Detector LoD LoQ Reference

Water Agilent1260 Infinity system. Atlantis T3 0.3 mL  Agilent 6460 MS/MS 2.0ng 4.0ngL™" Schumacher et al.,
C;g column. Mobile phase: water, min™" L7'(tap) (tap)20.0  (2016)"*
methylamine, acetic acid, acetonitrile. 9.0ng ngL™’

L™ (river)
(river)

Water Waters 2695 system. Mobile phase: 0.2 mL  Waters Quattro Premier 0.5 ug — Jefferson et al.,
water, ammonium acetate, formic acid, min* Xe MS/MS L? (2016)7
acetonitrile.

Water Agilent system. Phenomenex Kinetex 0.35 mL Agilent 6410 MS/MS — — Semitsoglou-Tsiapou
phenyl-hexyl column. Mobile phase: min™" et al., (2016)"°
water, formic acid, ammonia,
acetonitrile.

Water Agilent 1100 system. Ascentis express 0.25 mL  Bruker Daltonik HCT 0.05 ug — Busquets et al.,
fused core C;4 column. Mobile phase: ~ min™" Esquire ion trap L* (2014)"°
water, methanol.

Water Waters 2695 system. Mobile phase: 0.2 mL  Waters Quattro Premier — — Autin et al., (2013a)”*
water, ammonium acetate, formic acid, min* Xe MS/MS
acetonitrile.

Water Waters Acquity system. Acquity BHE 0.2mL  Waters Xevo TQ MS/MS ~ 3.0ng 10.0 ngL™" Li et al, (2010)*

C;5 column. Mobile phase: water, min* L
ammonium acetate, methanol.

Vegetables Agilent 1200 system. Zorbax C;g 0.3 mL  Agilent 6410 MS/MS 100.0  200.0 ng Zhang et al. (2011a
column. Mobile phase: water, min~' ngL™? L7 and 2011b)**7?
acetonitrile.

Animal Spherisorb ODS-2 column. Mobile 0.8 mL  Shimadzu RF-535 fluo- Brown et al., (1996)”

stomach/intestinal ~phase: water, methanol. min™" rimeter. Excitation / =

contents 380 nm, emission A =

450 nm
the earlier work of Louchart et al.,** and Chen et al.,** inves- Recently a novel reactive paper spray mass spectrometry

tigating loads and fluxes of pesticides during high flow
events.

To overcome these issues associated with diffuse pollution
events and to further understand the fate and movement of
chemicals in water, more complex, high frequency, monitor-
ing tools are required. Automated water collection devices
(e.g. ISCO - http://www.teledyneisco.com) capable of
collecting a series of water samples at prescribed time inter-
vals (e.g. hourly or daily) can be used for this purpose. Such
samplers can be triggered remotely to collect water during a
high flow storm-type event. This approach to monitoring is
expensive in terms of the capital cost of the equipment.®* In
addition the number of samples generated during a monitor-
ing campaign can add to laboratory operating costs. An alter-
native is the use of on-line or in situ methods.

On-line and in situ methods

GC or LC instruments coupled to various detectors have been
used at surface water sites so as to provide a rapid means for
the analysis of pesticides.*>®® Here instruments are
connected on-line and may be used in combination with di-
rectly coupled sample preparation techniques. Additionally,
the data generated can be transmitted telemetrically to a re-
mote control centre to facilitate management decisions, e.g.
for stopping the abstraction of water into a treatment works.
Such an on-line GC/MS system is currently being trialled by
Affinity Water, UK for monitoring metaldehyde.®”

This journal is © The Royal Society of Chemistry 2017

method has been used to measure metaldehyde in water with
a limit of detection of 0.1 pg L™ without any pre-
concentration or separation steps.*® The technique has po-
tential in the future to be coupled with a miniature mass
spectrometer to allow the on-site monitoring of metaldehyde
and other pesticides of concern.

An alternative on-line approach for measuring metalde-
hyde in water has been described. The Lonestar™ portable
analyser,® uses a Field Asymmetric Ton Mobility Spectrome-
try (FAIMS) as the detection system (limit of detection, 0.1
ug L™). This device is used for on-site detection in locations
such as water reservoirs. A spot sample of water is taken di-
rectly in the field and mixed with nitric acid to break down
the metaldehyde tetramer into four molecules of acetalde-
hyde, which are subsequently measured. Analysis time is
typically 15 min. Data can be visually presented as a series
of trigger or alarm values depending on the concentration
of metaldehyde measured (<0.1 ug L™ = green, 0.1 > 0.5
ug L' = amber and >0.5 pg L™ = red). To our knowledge
there have been no published field studies using the
Lonestar™ analyser. This portable system has potential in
the future for use as an on-line continuous monitoring sys-
tem that could transmit an alarm if concentration of metal-
dehyde exceeds a specified threshold value. Alternatives for
future application could be the development of simple,
rapid dip or stick tests to rapidly semi-quantify metaldehyde
in water.
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Passive sampling devices are an in situ monitoring
method. These devices have been used extensively to measure
a wide range of pollutants in the aquatic environment.”
Samplers can be deployed in the field for extended periods
(from days to months) where they continually sequester com-
pounds. Once calibrated, in the laboratory or in the field,
they permit the estimation of time-weighted average concen-
trations of substances over the deployment period.”" Several
different designs of sampler are available for monitoring po-
lar pollutants such as metaldehyde, including: Polar Organic
Chemical Integrative Sampler (POCIS),”>*® Chemcatcher®’*
and Diffusive Gradients in Thin-films (DGT).>> A variant of
the Chemcatcher® using an HLB (Horizon Atlantic 47 mm
disk) receiving phase overlaid with a polyethersulfone diffu-
sion limiting membrane has been shown to sequester metal-
dehyde in surface waters. Uptake of metaldehyde (expressed
as volume of water cleared per unit time, ~16 mL per day)
was found to be linear for over 14 days both in laboratory
and in-field calibration experiments. The performance of this
device for investigating the sources and fluxes of metalde-
hyde is presently being evaluated alongside routine spot sam-
pling procedures at a number of river catchments in the
UK.”®

Remediation strategies for
metaldehyde
Removal techniques

Due to its high polarity metaldehyde dissolves readily in wa-
ter (solubility of ~200 mg L™ at 17 °C) and is considered
semi-persistent in the aquatic environment.”” This property
makes metaldehyde recalcitrant to removal using conven-
tional drinking water treatment processes that are based on
adsorption of substances to GAC or powdered activated car-
bon (PAC) materials. Both materials require differing carbon
bed volumes and contact times and have different break
through capacities. Using GAC to remove metaldehyde is
problematic; firstly, due to competitive adsorptive binding by
dissolved organic carbon and with other polar pesticides that
may also be present in the environmental waters and sec-
ondly, due to desorption under certain operational condi-
tions, such as a significant decrease in its influent concentra-
tion. Furthermore, the percentage removed is also a function
of the concentration of metaldehyde present. Tests showed
that water bodies with higher concentrations of metaldehyde
can give relative removal efficiencies of up to 90% using
GAC. This, however, decreases at lower values e.g. 30-50% re-
moval at 0.5 ug L™ and significantly less removal at lower
concentrations ~0.2 pg L™.°° Data from Kay & Grayson’
suggested, that at typical environmental concentrations, such
conventional water treatment processes have marginal or no
effect on reducing metaldehyde found at the inlet and outlet
of the works. Removing metaldehyde from water using GAC
techniques also shortens the functional lifetime of the bed,
which then requires expensive regeneration or disposal. Due
to the increased need to remove metaldehyde from potable
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supplies in many areas of the UK, this in the short-term, has
placed significant demands on the limited operational capac-
ity of the available regeneration plants. Increasing this capac-
ity over the longer term will be expensive, with new facilities
expected to cost ~£30-44 million.>® Continual removal of
used material and its replacement with freshly activated car-
bon is an alternative process, but this very expensive to
operate.

These issues have led to the development alternative
clean-up techniques. These include ‘designer’ materials such
as tailored phenolic-based carbons'® or nano-sized zinc com-
posites,'* biologically active sand filters”® and more sophisti-
cated clean-up methods (e.g. ultra-violet (UV) oxidation com-
bined with hydrogen peroxide (H,O,) treatment® for the
effective removal of metaldehyde (Table 6). Although standal-
one catalytic and electrochemical approaches are useful, the
most widely used removal methods are based on UV ad-
vanced oxidation, often combined with another technique.
Several different types of oxidation processes have been
tested, such as UV/H,0,, UV/TiO, and UV emitting di-
odes,”*?91% all with different performance characteristics. In
pilot scale studies high removal efficiencies in excess of 90%
are now achievable for metaldehyde. A recent study by
Semitsoglou-Tsiapou et al.,”® investigated the degradation ki-
netics for metaldehyde and the reaction products formed
when using low pressure UV/H,0, advanced oxidation pro-
cesses. Their results showed that metaldehyde is effectively
degraded, undergoing hydroxylation to ultimately yield, rela-
tively benign, acetic acid as the major reaction end product.
However, all these processes have high energy demands, pre-
dicted to be typically fifty times that of water disinfection
processes. Use of light emitting diodes, however, can reduce
energy consumption. In the future there maybe the possibil-
ity to use genetically modified bacteria that target single con-
taminant as a clean-up method.

Use of these advanced ‘end-of-pipe’ water treatment pro-
cesses is expensive. In 2015, Anglian Water, the major
drinking water supplier in the East of England (an agricul-
tural region with high use of molluscicides) began operating
a metaldehyde removal plant at a treatment works in Lin-
colnshire that abstracts water from the River Trent. The
‘low-energy’ plant uses membrane filters followed by UV/
H,0, oxidation then GAC water polishing adsorbers to give
high removal rates for metaldehyde and other pesticides
that may also be present.'® Based on operational costs at
this site, Anglian Water predicted that to introduce similar
systems across their supply region (27500 km?) would cost
an additional £17 million per year to operate. This would
lead to an increase of 21% to their customer's utility bill.""”
It was highlighted, therefore, that such a technology ap-
proach was not practicable and unlikely to be acceptable.
More viable alternatives, such as a cross-sector collaboration
in the management of river catchments and an increased
awareness of water quality issues within the agricultural
community were suggested as possible solutions to the
problem.

This journal is © The Royal Society of Chemistry 2017
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Table 6 Different laboratory or pilot scale techniques used for the removal of metaldehyde from water. Key: GC/MS = gas chromatography/mass
spectrometry, 1H-NMR = proton nuclear magnetic resonance spectroscopy, HO, = hydrogen peroxide, LC = liquid chromatography, LC/MS = liquid

chromatography/mass spectrometry, TAML = tetra-amido macrocyclic ligands, TiO, = titanium dioxide, UV = ultra-violet, ZnO = zinc
oxidelO,12,69,73,75,76,98—105
Adsorption Removal
capacity for Conc. % Analysis
Removal technique metaldehyde before removed technique Reference
Photocatalytic reactions using nano-sized zinc oxide composites 500 pug 56 GC/MS Doria et al., (2013)"*
L*l
Tailored phenolic carbon 76 mg — — LC/MS Busquets et al.,
metaldehyde/g (2014)*°
carbon
Modified graphene Upto >92 LC/MS Nguyen et al.
mg (2017)'%®
L*l
Biologically active sand filters in pesticide degraders 10ug 70 GC/MS Rolph et al., (2014)*®
L*l
Novel coupled adsorption and electrochemical destruction technique 250 ug 45 LC/MS, Nabeerasool et al.,
L GC/MS (2015)°°
2000 25
pg L™
12000 12
pg L™
8000 >90
ug L™
Heterogeneous catalytic degradation using Macronets, followed by 200 mg g* GC, LC Tao & Fletcher,
acetaldehyde removal using amine functionalised ion-exchange resin Macronet (2016)"*
UV/H,0, advanced oxidation process 10pg  >90 LC/MS/MS Autin et al., (2012)*°
L
UV/TiO, advanced oxidation process 10 pg <50 LC/MS/MS Autin et al.,
L (2013b)'*°
UV light emitting diodes advanced oxidation process 0.25 40 to LC/MS/MS Autin et al., (2013a)”*
ugL™" 0.1pg
L*l
UV/H,0, advanced oxidation process incorporating micro-filtration and 0.2 pg  >90 LC/MS/MS James et al.,
reverse 0osmosis L (2014)'**
Adsorption and photocatalytic degradation using nano-sized 0.1 95 GC/MS Kim & Campos,
ZnO/LAPONITE® composite under UV irradiation mg (2015)'%
L*l
2mg 55
L—l
0.5 92
mg
L*l
1mg 69
L*l
Low pressure UV/H,0, degradation at UV fluence of 1000 mJ cm™> and 5mg 97.7 LC/MS/MS Semitsoglou-Tsiapou
15 mg L™ H,0, L et al., (2016)°
High UV dose and alkaline UV/H,0, degradation 10pg 8 mM LC/MS/MS Jefferson et al.,
~ (2016)7
Oxidative degradation using macrocyclic ligand catalysis, TAML/H,0, 18000 mg g~ 'H-NMR  Tang et al., (2016)'**
TAML

Catchment initiatives

In the arable farming industry there have been many at-
tempts to prevent applied pesticides entering the aquatic en-
vironment. One of the most common methods is the con-
struction of swales; channels lined with grass that control the
velocity of run-off from fields and can also remove some pol-
lutants through the filtration of water through vegetation.'%®
There has been recent interest in using this approach for the
capitation of metaldehyde arising from diffuse run-off from
fields during excessive rainfall events. Swales are often used

This journal is © The Royal Society of Chemistry 2017

in combination with other catchment sensitive farming ini-
tiatives. These include rural sustainable drainage systems
that slow down or prevent the transport of pollutants to wa-
tercourses by breaking the delivery pathway between the pol-
lutant source and the receptor'® and better pesticide storage
and management. Training (e.g. on calibration of pellet appli-
cators) and advice for farmers are also available in collabora-
tive practices to mitigate the environmental impact of pesti-
cides.'*® Several water companies, rivers trusts and non-
governmental agencies in the UK are also involved in these
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projects concerned with metaldehyde. A recent example is
the ‘Slug It Out’ campaign™'* funded by Anglian Water in the
UK with the aim of protecting a number of reservoirs. Results
to date are promising with major decreases, up to 60%, in
the concentration of metaldehyde being found in the associ-
ated river tributaries."’® Other water companies in the UK
(e.g. Affinity, Severn Trent, Southern Water and Thames Wa-
ter) have on-going catchment-based initiatives, including pay-
ments for non-usage, designed to inputs of
metaldehyde.

reduce

Alternative molluscicides

Metaldehyde is the most widely used molluscicide and is
dominant in the marketplace (Fig. 2). Since 1990 its use grad-
ually increased, peaking between the years 2008-2009. After
this time period, application rates have dropped significantly,
due largely to the campaign ‘Get pellet wise’ that started in
2010 which established improved guidelines for the safe use
of products containing the active ingredient metaldehyde.
Other substances such as Methiocarb and ferric phosphate
can also be used as molluscicides.”> Some of the recent de-
creases in the number of drinking water PCV exceedances
found for metaldehyde in the UK, is due in part, to the in-
creased take up of ferric phosphate by the agricultural sector.

Methiocarb (C;;H;5NO,S, also known as mercapto-
dimethur) is a carbamate pesticide and has been available
since the early 1960s." It has a number of agricultural appli-
cations including being a powerful molluscicide (e.g. in prod-
ucts such Draza Forte and Decoy Wetex manufacturer by
Bayer CropScience). Once ingested, Methiocarb exhibits neu-
rotoxic effects on molluscs and has a potency higher (~10
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times) than that of metaldehyde."'*""* Methiocarb is less po-
lar (log K,y = 3.18 at 20 °C) and less water soluble (0.027 g
L™ at 20 °C) than metaldehyde." The formulated pellets de-
grade slowly and hence are effective even in wet conditions
and are less repellent to slugs compared with metaldehyde,
allowing more active ingredient to be consumed before termi-
nation of feeding.''® Typically they were used on high value
crops such as potatoes. However, due to recent concerns over
its toxicity, particularly towards seed eating birds, such as
sparrows and finches, use of this pesticide in formulated pel-
lets was banned across the European Union in late 2014.""°
All farm stocks had to be used by September, 2015. In the
short term this ban is likely to increase the use of metalde-
hyde. However, Methiocarb can still be used in seed treat-
ments products such a Mesurol.

Currently, the only alternative for metaldehyde is ferric
phosphate (FePO,4).""” This compound is highly insoluble in
water." It is generally formulated in pasta type pellets, and
several varieties of these are available commercially (e.g.
Derrex®, Ferramol®, Ironmax Pro®, Sluggo®, or Sluxx®)
containing differing amounts of ferric phosphate. Neudorff
GmbH, based in Germany, is the largest producer. Ferric
phosphate can be formulated with ethylene diamine tetra-
cetic acid (EDTA) or ethylene diamine succinic acid (EDDS)
so as to increase the solubility of the iron, and hence toxicity
towards the mollusc.®® Application rates are typically 3-7 kg
ha™ of a 3% formulation (90-210 g ha™ as ferric phosphate).
Once ingested, this chemical causes pathological changes to
a mollusc's digestive system, particularly calcium metabo-
lism, quickly causing it to stop feeding and become less mo-
bile. Death usually occurs within 3-6 days. There is evidence,
however, that some ferric phosphate formulations have
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Fig. 2 Comparison of the use (expressed as area of land treated) of metaldehyde (square), methiocarb (diamond) and ferric phosphate (triangle)
molluscicides in the UK between the years 1990-2015 (source: FERA, 2016).2
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adverse effects on earthworms and other soil-inhabiting in-
vertebrates such as beetles, millipedes and woodlice.*”

The use of ferric phosphate has gradually increased since
its introduction to the market in 2005 (Fig. 2). Often metalde-
hyde is still preferred, due to its long and widespread use
and also as it is perceived to cost less than ferric phosphate
on a per kg basis. Some water companies as part of their
catchment initiatives offer a financial incentive to use ferric
phosphate (e.g. Southern Water offers a £1 kg™* used incen-
tive). Additionally, metaldehyde causes slugs to remain above
the soil upon death and this allows the user to see that the
product is working. Ferric phosphate causes the slugs to bury
themselves in the soil where they subsequently die, this does
not show the user that the molluscicide has been effective.
Instead growers have to be guided by the degree of crop dam-
age after the application of the chemical."*® The overall im-
pact, particularly on the aquatic environment, of ferric phos-
phate is significantly less than that of metaldehyde. For
example, restricting the use of ferric phosphate baits near wa-
tercourses and wet weather conditions are unnecessary. Al-
though it is difficult to predict with certainty, it is expected
that the use of ferric phosphate formulations will grow in the
future, as pressure increases from within the regulatory sec-
tor and water suppliers on limiting the agricultural use of
metaldehyde.

Conclusions

Metaldehyde is a potent tool in fighting pests that damage
crops. Even though it has been used for over 75 years, until
recently little research has been directed to the occurrence,
persistence and environmental fate of this pesticide. There
have been sparse efforts directed towards its widespread
monitoring in surface waters, even though during the au-
tumn and winter months in the UK, peak concentrations of
metaldehyde often exceed the European Union regulatory
limit (0.1 ug L™) for any pesticide. Alternative approaches to
monitoring and better defined campaigns are now needed, as
the use of infrequent spot sampling, does not give the re-
quired temporal and spatial resolution needed to develop ef-
fective management plans for reducing the environmental
impact of this pollutant.

Even though based on the available toxicity data for typi-
cal environmental concentration of metaldehyde, there are
no perceived health risks; use of surface water contaminated
with metaldehyde to produce potable supplies is a growing
concern for water companies. The problem is particularly dif-
ficult to address because the physico-chemical properties of
this compound make it resistant to removal by conventional
drinking water treatment processes. Recent collaborative river
catchment initiatives have helped reduce concentrations of
metaldehyde in several regions of the UK, but some water
companies who are impacted by this issue, are now also
assessing expensive end-of-pipe treatment processes. Once
functioning, these advanced treatment works will have signif-

This journal is © The Royal Society of Chemistry 2017
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icant operating costs and over the short-to-medium term lead
to increased utility bills for their customers.

Metaldehyde still remains the molluscicide of choice
within the agricultural community. Recently controlled re-
lease formulations have been developed so as to slow the in-
put of the active ingredient into the environment."* Pilot tri-
als for these preparations are on going. Alternatively there
are encouraging results that the new ferric phosphate-based
formulations can be used as a direct, cost effective replace-
ment for metaldehyde on all crop types. The long-term future
use of metaldehyde is difficult to predict with certainty. One
solution might be to amend the blanket European Union
Drinking Water Directive limit to take into consideration
compound specific toxicological and ecological effects. This
would potentially permit a higher concentration of metalde-
hyde to be present in surface water capitation sites. If this is
not the case, then there is a realistic chance that the use of
metaldehyde in poison-baited pellets could be restricted in
the UK, with some predictions by as early as 2020.
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