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 ABSTRACT
 
 26
 
 Plant protection products containing nanomaterials that alter the functionality or risk profile
 
 27
 
 of active ingredients (nano-enabled pesticides) promise many benefits over conventional
 
 28
 
 pesticide products. These benefits may include improved formulation characteristics, easier
 
 29
 
 application, better targeting of pest species, increased efficacy, lower application rates, and
 
 30
 
 enhanced environmental safety. After many years of research and development, nano-enabled
 
 31
 
 pesticides are starting to make their way onto the market. The introduction of this technology
 
 32
 
 raises a number of issues for regulators, including: how does the ecological risk assessment
 
 33
 
 of nano-enabled pesticide products differ from that of conventional plant protection products?
 
 34
 
 In this paper, a group drawn from regulatory agencies, academia, research and the
 
 35
 
 agrochemicals industry offers a perspective on relevant considerations pertaining to the
 
 36
 
 problem formulation phase of the ecological risk assessment of nano-enabled pesticides.
 
 37 38
 
 Keywords: Nanopesticides; Agrochemicals; Nanotechnology; Problem Formulation; Risk
 
 39
 
 Assessment
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 INTRODUCTION
 
 Nanotechnology is being harnessed to develop new pharmaceutical drugs
 
 42
 
 (Nanomedicines)1 as well as agrochemical products (Nanofertilisers and Nanopesticides).2-5
 
 43
 
 These new medicines and agrochemicals exploit the properties of materials with dimensions
 
 44
 
 on the nanoscale (the size range of approximately 1 nm to 100 nm), which can display very
 
 45
 
 different or additional physical, chemical and biological properties compared to the properties
 
 46
 
 of the bulk materials. The application of nanotechnology in agriculture presents significant
 
 47
 
 new opportunities for developing more effective fertilisers and pesticides that may also have
 
 48
 
 reduced impacts on the environment.
 
 49
 
 There are a variety of possible ways in which nanotechnology may be used to produce
 
 50
 
 new pesticide products. There are inert ingredients used in conventional formulations of
 
 51
 
 pesticides that exist in a nanoscale form, and these nanoscale inert ingredients have been
 
 52
 
 incorporated into a range of crop protection products. Examples include nanoscale titania as a
 
 53
 
 UV blocker and whitener; nanoscale silica or clays as a rheology modifier; and many
 
 54
 
 nanoscale polymers are used as surfactants. There are also microemulsion-type solvent based
 
 55
 
 pesticides on the market that may be considered nano-enabled as many contain oil droplets
 
 56
 
 with significant populations < 100 nm. In most cases, these products have a long history of
 
 57
 
 safe use.
 
 58
 
 There is growing interest in more deliberate applications of nanotechnology in the
 
 59
 
 development of new plant protection products.6 Dendrimer technology is being applied to a
 
 60
 
 number of a.i.s to develop nano-enabled pesticides with enhanced efficacy and some products
 
 61
 
 are in an advanced stage of development.7 Some products utilising nanopolymers as carriers
 
 62
 
 for targeted delivery of pesticides and for application with fertilizers have already been
 
 63
 
 registered for use. These include soil applied AZteroidTM fungicide (azoxystrobin), soil 3
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 64
 
 applied BifenderTM insecticide (bifenthrin) and plant applied FenstroTM insecticide
 
 65
 
 (azoxystrobin + bifenthrin).8 It is expected that an increasing number of nano-enabled
 
 66
 
 pesticide products will be submitted to regulatory agencies for registration over the next five
 
 67
 
 years.
 
 68
 
 For the purposes of this perspectives article, a nano-enabled pesticide means a product
 
 69
 
 in which a nanomaterial has been used to enhance the functionality, utility and/or alter the
 
 70
 
 risk profile of a conventional a.i.
 
 71
 
 RISK ASSESSMENT FRAMEWORKS FOR NANO-ENABLED PESTICIDES
 
 72
 
 Ecological risk assessment of pesticide a.i.s and formulated products is a highly
 
 73
 
 developed process which forms an integral part of pesticide regulatory frameworks.8-10 The
 
 74
 
 issues associated with assessing the ecological risks of nanomaterials within the conventional
 
 75
 
 risk-assessment paradigm used for chemicals and chemical products have been explored by
 
 76
 
 the OECD Working Party on Manufactured Nanomaterials.11, 12 This work concluded that the
 
 77
 
 existing risk-assessment paradigm used for chemicals can be adapted to the risk assessment
 
 78
 
 of nanomaterials.
 
 79
 
 Problem formulation is a key initial phase in the ecological risk assessment of
 
 80
 
 chemicals. This phase of assessment is intended to define the nature of the problem to be
 
 81
 
 addressed by risk assessment and to develop a plan or strategy by which the risks can be
 
 82
 
 subsequently characterised.13 The consistent and structured application of problem
 
 83
 
 formulation principles to the risk assessment of nano-enabled pesticide products will be
 
 84
 
 essential in formulating sound recommendations to risk managers and decision makers in
 
 85
 
 regulatory agencies. It will also help identify the most relevant assessment information
 
 86
 
 including hazard and exposure data, and available risk reduction measures at an early stage in
 
 87
 
 the risk assessment process. These are acknowledged to be key factors influencing the 4
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 conduct of effective risk assessments.14 In this perspectives article, we describe an approach to problem formulation using a case
 
 90
 
 study involving a hypothetical nano-enabled pesticide product. The approach taken is
 
 91
 
 intended to demonstrate how a practical assessment strategy would be developed using
 
 92
 
 principles adapted from the ecological risk assessment of conventional pesticide products. As
 
 93
 
 part of this strategy, an initial planning phase was conducted in which representatives from
 
 94
 
 key stakeholders including regulators, research scientists, and agrochemical scientists
 
 95
 
 collaborated to identify key issues that should be considered before the problem formulation
 
 96
 
 phase began. The key elements of this stage in the process are presented in the form of the
 
 97
 
 following questions:
 
 98
 
 ● What is the agronomic context for the use of the nano-enabled pesticide formulation?
 
 99
 
 ● What is the nature and purpose of the nanomaterial in the formulation?
 
 100
 
 ● What are the ecological protection priorities that need to be considered in the risk
 
 101
 
 assessment of the nano-enabled pesticide formulation?
 
 102
 
 Following the collection of relevant information from the stakeholder group, the problem
 
 103
 
 formulation phase was undertaken focussing on another set of key questions:
 
 104
 
 ● How does the environmental behaviour of the nano-enabled pesticide differ from
 
 105
 
 conventional formulations of the same active ingredient?
 
 106
 
 ● How does the nanomaterial release the active ingredient in the environment?
 
 107
 
 ● What information is necessary to characterise the novel properties of the nano-enabled
 
 108
 
 pesticide formulation?
 
 109
 
 ● What risk reduction measures can be used to manage any environmental risks that are
 
 110
 
 considered possible from the intended use of the nano-enabled pesticide product?
 
 5
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 PENDIMETHALIN IN NANO-SIZED HYDROGELS – A CASE STUDY
 
 112
 
 Background information and agronomic context
 
 113
 
 Pendimethalin (CAS RN: 40487-42-1; benzeneamine, N-(1-ethylpropyl)-3,4-
 
 114
 
 dimethyl-2,6-dinitro-, or N-(1-ethylpropyl)-2,6-dinitro-3,4-xylidene) is a dinitroaniline
 
 115
 
 herbicide that is absorbed through the roots and shoots. It is used to control annual grasses
 
 116
 
 and broadleaf weeds and is applied as a pre- or post-emergence spray.15 Conventional
 
 117
 
 formulations of pendimethalin include aqueous capsule suspensions, granules, emulsifiable
 
 118
 
 concentrates, and liquid formulations, all of which will include surfactants and other
 
 119
 
 ingredients necessary for proper function of the formulation. Dry (granular) formulations will
 
 120
 
 also typically use an inorganic carrier that is impregnated with the a.i..
 
 121
 
 Pendimethalin is a lipophilic neutral organic chemical (log KOW = 5.2) that is slightly
 
 122
 
 soluble in water (0.33 mg/L at 20 °C) and slightly volatile (0.0013 Pa at 25 °C). The Henry's
 
 123
 
 Law constant for the chemical (0.087 Pa-m3/mol) indicates that it is moderately volatile from
 
 124
 
 water and moist soil. The chemical adsorbs strongly to soil (KOC = 6,500 to 43,863 L/kg) and
 
 125
 
 pendimethalin is generally considered immobile in soil. Pendimethalin is slightly degradable
 
 126
 
 in aerobic soil and the reported half-life is in the range of 3 to 4 months.15
 
 127
 
 Pendimethalin has high acute toxicity to aquatic life including fish, invertebrates,
 
 128
 
 algae, and aquatic plants. The chemical has moderate to high chronic toxicity to aquatic life
 
 129
 
 and is a bioaccumulation hazard in aquatic organisms based on the measured
 
 130
 
 bioconcentration factor in fish (BCF = 5100). The chemical has low to moderate toxicity to
 
 131
 
 non-target terrestrial organisms.16
 
 132
 
 Description of the nano-enabled pesticide formulation and intended use
 
 133 134
 
 A realistic nano-enabled formulation was chosen to allow this “thought experiment” to describe the process of problem formulation. This formulation is a simplified version of 6
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 135
 
 the technology developed by Vive Crop Protection. The hypothetical pendimethalin herbicide
 
 136
 
 product considered in this case study is a suspension concentrate (SC) formulation containing
 
 137
 
 20% by weight of a.i. and 5% by weight of lightly crosslinked polyacrylate polymer particles
 
 138
 
 which function as a nano-scale carrier for the a.i.. Polyacrylates are a broad class of
 
 139
 
 polymers; for this thought experiment, polyacrylates that are water-dispersible hydrogels with
 
 140
 
 both hydrophilic and hydrophobic monomers are considered. Formulations with 20% a.i. and
 
 141
 
 5% by weight polymer particles has been described previously [US patent 8741808]. The
 
 142
 
 specific chemistry of the hydrogel necessary to increase soil mobility does not significantly
 
 143
 
 impact the problem formulation provided in a later section. Therefore, for simplicity in this
 
 144
 
 thought experiment, as well as to protect confidential information of Vive Crop Protection, a
 
 145
 
 generic polyacrylate hydrogel was chosen as a model. The average size of the polyacrylate
 
 146
 
 nanocarriers is in the range of 5 to 20 nm.
 
 147
 
 The polyacrylate nanocarriers are hydrogels which are a class of materials that have
 
 148
 
 been investigated for delivery of many different poorly-soluble bioactive pharmaceuticals as
 
 149
 
 well as agrochemical molecules.17-18 A hydrogel is able to absorb large amounts of water or
 
 150
 
 other fluids17 and swell (as a result of crosslinks formed during synthesis), as opposed to
 
 151
 
 dissolving in an aqueous environment. The purpose of the polyacrylate hydrogel in this SC
 
 152
 
 formulation is to assist with dispersion of the a.i. in aqueous media (such as water in spray
 
 153
 
 tanks) and with a.i. mobility in soil. 18
 
 154
 
 Pendimethalin is loaded into the matrix of the hydrogel nanocarrier to form a
 
 155
 
 composite structure (the complex). This complex is a labile structure and is able to release the
 
 156
 
 a.i. in soil for uptake by plants. The overall properties of the complex are determined by the
 
 157
 
 hydrogel composition, the method and degree of crosslinking, a.i. loading, and the nature of
 
 158
 
 the environment in which the complex is deployed (dry, liquid, pH, etc.). 18-19 The formation 7
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 159
 
 of this complex has the net effect that the properties of the external portion of the nanocarrier
 
 160
 
 dominate the interaction with the environment for as long as the a.i. remains within the
 
 161
 
 matrix of the hydrogel particles. For the purposes of this article, we are considering a
 
 162
 
 complex where the hydrogel assists the pendimethalin to penetrate into soil, thereby
 
 163
 
 increasing the amount of a.i. that reaches sub-surface weeds.
 
 164
 
 This product will be applied as a pre-emergence herbicide at a maximum application
 
 165
 
 rate of 4 kg a.i./ha. The product is intended to penetrate through surface residue into the soil
 
 166
 
 without manual incorporation. It requires moderate rainfall or irrigation to be active against
 
 167
 
 target species. In moderate to heavy rains or irrigation, the applied a.i. is expected to
 
 168
 
 penetrate between 2.5 and 10 cm below the soil surface, with < 1% of applied a.i. penetrating
 
 169
 
 below 10 cm. This effect has been observed with a modified version of the polyacrylate
 
 170
 
 hydrogels described in this paper (Vive Crop Protection, Canada, Personal Communication).
 
 171
 
 Formulation benefits are similar to existing techniques for increasing soil penetration such as
 
 172
 
 soil conditioners or penetration aid surfactants.
 
 173
 
 For the purposes of this case study, it is assumed that the product will be applied by
 
 174
 
 ground spraying under conditions and using technology which minimises off-site movement
 
 175
 
 of the pesticide through spray drift.
 
 176
 
 Ecological protection priorities
 
 177
 
 The nano-enabled pendimethalin SC product considered here is intended to be applied
 
 178
 
 to a wide variety of agricultural crops for the control of annual grasses and weeds by ground
 
 179
 
 spray application at a rate of nearly 4 kilograms a.i. per hectare. Similar to conventional
 
 180
 
 pendimethalin herbicide products there is a potential risk to aquatic environments from the
 
 181
 
 off-site movement of the a.i. in the nano-enabled pesticide product because pendimethalin is
 
 182
 
 highly toxic to aquatic life and bioconcentrates in fish. The ecological risk assessment of the 8
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 183
 
 nano-enabled product will, therefore, need to establish that the proposed use pattern and
 
 184
 
 application rate will not result in levels of pendimethalin in aquatic ecosystems in excess of
 
 185
 
 the locally applicable water quality guideline values for this a.i.
 
 186
 
 PROBLEM FORMULATION
 
 187
 
 Pendimethalin is highly toxic to aquatic organisms and is also a bioaccumulation
 
 188
 
 hazard in aquatic ecosystems. The off-site movement of this active ingredient from its
 
 189
 
 application as a pre-emergence herbicide, which results in contamination of aquatic
 
 190
 
 ecosystems, may cause adverse effects on the natural environment. The ecological risk
 
 191
 
 assessment of the intended uses of the nano-enabled pendimethalin SC product will,
 
 192
 
 therefore, need to establish whether aquatic ecosystems will be adversely impacted by the a.i.
 
 193
 
 or any of the excipients in the product, including the polyacrylate nanocarrier.
 
 194
 
 Comparative evaluation of the nano-enabled pendimethalin formulation and
 
 195
 
 conventional formulations
 
 196
 
 One key difference between traditional surfactants (used in conventional
 
 197
 
 formulations) and the use of nano-scale hydrogel carriers is the durability of the complex in
 
 198
 
 diverse environments. Surfactant systems are sensitive to exposure conditions such as surface
 
 199
 
 interactions, pH, and concentration which may mean that the a.i.-surfactant complex is only
 
 200
 
 stable over a relatively narrow range of operating conditions. The inclusion of cross-links in a
 
 201
 
 hydrogel enables the nanocarrier complex to maintain its tertiary structure and retain its
 
 202
 
 integrity under a wider range of conditions.20
 
 203
 
 Similar to previous studies,21 the nanocarrier complex envisioned here would
 
 204
 
 facilitate the dispersion of this poorly water soluble herbicide in water without the use of
 
 205
 
 organic solvents and would also reduce the volatilization of the a.i. after application. These
 
 206
 
 two formulation characteristics have the potential to increase the amount of a.i. available for 9
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 207
 
 weed control and reduce the amount of a.i. lost off-site through atmospheric transport
 
 208
 
 processes. The complex would also enable the a.i. to penetrate the subsoil surface without the
 
 209
 
 need for physical incorporation such as tilling.
 
 210
 
 The nanocarrier is designed to enhance the soil penetration of pendimethalin.
 
 211
 
 Consequently, the potential key differences between this formulation and a conventional
 
 212
 
 formulation may include: penetration of pendimethalin into the subsoil water column;
 
 213
 
 reduced biological and chemical degradation of the a.i. leading to increased persistence; and a
 
 214
 
 reduction in off-site migration of the a.i. through volatilisation and other processes, such as
 
 215
 
 surface runoff.
 
 216
 
 Fate of the nano-enabled pesticide formulation in soil
 
 217
 
 The fate and behaviour of nano-enabled pesticides in the environment is likely to be
 
 218
 
 dependent on the functional characteristics of the carrier and the durability of the a.i.–carrier
 
 219
 
 complex. Both characteristics should be considered in problem formulation of nano-enabled
 
 220
 
 pesticides as the spatial and temporal nature of exposure to non-target organisms could
 
 221
 
 change significantly when compared to conventional pesticide formulations.
 
 222
 
 Durability is a measure of how long a pesticide-nanocarrier complex maintains its
 
 223
 
 integrity after application in the field.22 The durability of pesticide-nanocarrier complexes can
 
 224
 
 be categorised into three broad classes as shown in Figure 1.
 
 225 226
 
 Durability is likely to be dependent on the exposure conditions. For example, a nano-
 
 227
 
 enabled pesticide may release the a.i. at different rates in soil depending on factors, such as
 
 228
 
 soil moisture or soil pH. These will be important considerations for the risk assessment.
 
 229
 
 A conceptual model that can help identify the altered scenario of pesticide fate (mobility and
 
 230
 
 persistence) relative to the pure a.i., depending on the properties of the nano-carrier and 10
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 231
 
 pesticide a.i. in the new formulation, has been presented in Figure 2. The figure provides an
 
 232
 
 overview of the different combinations of nano-carrier and a.i. properties that are most
 
 233
 
 relevant for environmental exposure assessment of the a.i. (here it is assumed that the
 
 234
 
 exhausted nanocarrier is of low hazard, an assumption that may need to be verified in some
 
 235
 
 cases). 
 
 236 237
 
 The most sensitive fate descriptors are expected to be: (i) the mobility of the
 
 238
 
 nanocarrier (Figure 2A, and 2B); (ii) the mobility and persistence of the a.i. (x-axis and z-axis
 
 239
 
 in Figure 2); and (iii) the rate at which the a.i. is released from the nanocarrier (y-axis).4, 23
 
 240
 
 Distinguishing different combinations of nanocarrier and a.i. properties allows situations to
 
 241
 
 be identified where the impact on fate is likely to be minimal (flag “OK” in Figure 2), and
 
 242
 
 where particular attention to changes in the mobility (“M” flag) and/or persistence (“P” flag)
 
 243
 
 of the a.i. is required.
 
 244
 
 In cases where the release rate of the a.i. from the carrier is very fast compared to the
 
 245
 
 time scale of the environmental processes of interest (e.g. complete release occurs upon
 
 246
 
 dilution in the mixing tank or upon application in the field), no changes in the behaviour of
 
 247
 
 the nano-enabled a.i. formulation are to be expected compared to that of the pure a.i..
 
 248
 
 Therefore, an exposure assessment solely based on data derived with the pure a.i. should be
 
 249
 
 adequate (indicated with the “OK” flag in Figure 2).
 
 250
 
 Conversely, when the nanocarriers and a.i. remain associated for a significant time,
 
 251
 
 effects of the formulation on the fate of the a.i. are to be expected in almost all cases. For
 
 252
 
 instance, for an a.i. that is not excessively persistent, association with a nanocarrier may
 
 253
 
 increase the persistence of the a.i. (“P” flag on Figure 2) as the availability of the a.i. for
 
 254
 
 degradation processes is likely to be reduced until it is released from the nanocarrier. The 11
 
 ACS Paragon Plus Environment
 
 Journal of Agricultural and Food Chemistry
 
 255
 
 impact of the formulation on the transport of an a.i. in this case depends on the mobility of
 
 256
 
 the nanocarriers relative to that of the a.i.. Mobile carriers are likely to increase the mobility
 
 257
 
 of a relatively immobile a.i. (“+M” flag in Figure 2A), while relatively immobile nanocarriers
 
 258
 
 will decrease the mobility of a relatively mobile a.i. (“-M” flag in Figure 2B), which could
 
 259
 
 lead to greater exposure concentrations in the surface soil compartment for longer periods.
 
 260
 
 In the case study being considered here, the hydrogel is a mobile nanocarrier (Vive Crop
 
 261
 
 Protection; Personal communication). Therefore, Figure 2A will be the relevant scheme for
 
 262
 
 this formulation. The formulation is designed such that the a.i. remains encapsulated in the
 
 263
 
 mobile nanocarrier long enough to facilitate its entry into soil. The formulation is, therefore,
 
 264
 
 considered to be at least moderately durable and the upper plane in Figure 2 is relevant.
 
 265
 
 Pendimethalin is inherently a relatively immobile and moderately persistent herbicide, as
 
 266
 
 discussed above. Hence, the ultimate locus for the product will be at the low mobility end of
 
 267
 
 the x-axis and at the moderate persistence location on the z-axis, as shown in Figure 2A.
 
 268
 
 Hence, according to this conceptual scheme, +M/P is the most relevant flag, suggesting
 
 269
 
 possible increased mobility and persistence of the nano-enabled pendimethalin relative to the
 
 270
 
 pure a.i..
 
 271
 
 However, as stated above, pendimethalin has a half-life in aerobic soil in the range of
 
 272
 
 3 to 4 months. The durability of the a.i.-nanocarrier complex is assumed to be on the time
 
 273
 
 scale of days in this case and the apparent increase in persistence of pendimethalin is,
 
 274
 
 therefore, not expected to be consequential. In other cases, where the durability of the a.i.-
 
 275
 
 nanocarrier complex is comparable or greater than the persistence of the a.i., the overall
 
 276
 
 persistence of an a.i. could be significantly enhanced because the nanocarrier facilitates
 
 277
 
 penetration of the a.i. into the deeper subsoil, where lower microbial activity is expected.
 
 12
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 Key end points An extensive set of aquatic toxicity data is available for pendimethalin that could be
 
 280
 
 used to characterise the ecological risks to aquatic ecosystems, where the magnitude and
 
 281
 
 frequency of exposure to the a.i. can be quantified. Similarly, the environmental fate and
 
 282
 
 behaviour of this a.i. in conventional herbicide products are well studied and the available
 
 283
 
 data are sufficient to allow models for environmental exposure to be developed. However, the
 
 284
 
 conceptual model for the nano-enabled formulation of pendimethalin has identified some
 
 285
 
 potentially significant modifications in the fate and behaviour of the a.i.. The significance of
 
 286
 
 these particular properties of the nano-enabled formulation will need to be considered during
 
 287
 
 the risk analysis and risk characterisation stage of the assessment.
 
 288
 
 The two most significant environmental fate characteristics identified for the nano-
 
 289
 
 enabled formulation through the conceptual model are the depth of penetration of the a.i.-
 
 290
 
 nanocarrier complex through the soil column, and the rate of release of the a.i. from the
 
 291
 
 carrier. The depth of penetration is expected to be unique to this particular formulation, as it
 
 292
 
 is a functional characteristic that has been engineered by selection of the particular
 
 293
 
 polyacrylate nanoparticles used as a carrier. Since the behaviour of the a.i.-polyacrylate
 
 294
 
 complex is dominated by the properties of the nanocarrier, it may be possible to use surrogate
 
 295
 
 information on the general soil penetration behaviour of polyacrylate nanoparticles with
 
 296
 
 similar size distributions, chemical structure, and surface characteristics. However, where no
 
 297
 
 reference data are available, or where the properties of the complex differ substantially from
 
 298
 
 the nanocarrier alone, a specific evaluation of the soil penetration depth for the complex may
 
 299
 
 be required.
 
 300 301
 
 The rate of release of the a.i. from the complex has also been identified as a key environmental fate characteristic of the formulation, and needs to be considered during the 13
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 302
 
 risk analysis phase. If the rate of release of the a.i. from the carrier is slow compared to major
 
 303
 
 transport processes such as leaching or transport in surface water run-off, then the aquatic
 
 304
 
 environment may be exposed to pendimethalin in ways that are not well represented by
 
 305
 
 available ecotoxicity data. In an exposure scenario involving release of a mobile and
 
 306
 
 moderately durable a.i.–carrier complex into aquatic ecosystems, aquatic life may be exposed
 
 307
 
 to the a.i. for a longer period at lower concentrations, resulting from the slow release of the
 
 308
 
 a.i. from the carrier. Conversely, if the rate of release of the a.i. from the complex is fast
 
 309
 
 compared to these transport processes, the environmental fate and effects of the a.i. may be
 
 310
 
 indistinguishable from conventional formulations. It is for this reason that an early and
 
 311
 
 reliable measure of the durability of the nanocarrier complex under environmentally relevant
 
 312
 
 conditions would be considered a priority.
 
 313
 
 Risk reduction and risk management options
 
 314
 
 The focus of the risk assessment can be shaped by considering the available risk
 
 315
 
 reduction measures and their effectiveness in the problem formulation stage of the
 
 316
 
 assessment.12 For the purposes of this assessment, it is assumed that good agricultural
 
 317
 
 practices will limit off-site movement of the pesticide following application. In addition,
 
 318
 
 since the nano-enabled product will only be applied by ground spraying using spray-drift
 
 319
 
 reduction technology there is a reduced potential for direct exposure of the aquatic
 
 320
 
 environment to the a.i.–nanocarrier complex. This reduces both the need to consider the risks
 
 321
 
 posed to the aquatic environment through slow release of the a.i. from the nanocarrier over an
 
 322
 
 extended timeframe and the likelihood that additional aquatic ecotoxicity data will be
 
 323
 
 required to determine the specific toxicity of the a.i.-nanocarrier complex. Conversely, if the
 
 324
 
 typical application pattern were to be broadened to include aerial application of the nano-
 
 325
 
 enabled formulation then the scope of the assessment would need to include factors such as 14
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 326
 
 the spray drift distances of the nano-enabled formulation and the effectiveness of no-spray
 
 327
 
 buffer zones to mitigate impacts on aquatic ecosystems.
 
 328
 
 Analysis plan
 
 329
 
 The hypothetical nano-enabled pendimethalin SC product considered in this case
 
 330
 
 study does potentially pose risks to the aquatic environment where off-site movement of the
 
 331
 
 a.i. and/or the a.i.-nanocarrier complex occurs. A conceptual model for the fate and behaviour
 
 332
 
 of the a.i.-nanocarrier complex in soil has identified some potential for the a.i. to have
 
 333
 
 increased persistence in soil relative to conventional formulations of pendimethalin. The
 
 334
 
 model also shows a potential for increased depth of penetration of the a.i. through the soil
 
 335
 
 horizon because of transport of the more mobile polyacrylate nanoparticle carriers. There is,
 
 336
 
 therefore, an increased potential for pendimethalin to reach ground water compared to
 
 337
 
 conventional formulations.
 
 338
 
 A key priority for the risk analysis phase of the assessment is to establish the
 
 339
 
 durability of the a.i.-nanocarrier complex in soil. An understanding of this characteristic will
 
 340
 
 allow further decisions to be made regarding both exposure assessment and hazard
 
 341
 
 evaluation. The initial analysis of the ecological risks of the product will, therefore, focus on
 
 342
 
 evaluating any available data on the durability of the a.i.-nanocarrier complex in soil. Where
 
 343
 
 such data are lacking and no useful reference data can be identified, it may be necessary to
 
 344
 
 recommend targeted evaluation of the durability of the complex in soil. Once this key
 
 345
 
 property has been evaluated the problem formulation may need to be revised. For example, if
 
 346
 
 the complex is determined to be not durable on the timescale of applicable off-site transport
 
 347
 
 processes, then the risk analysis may be abbreviated as the risks of the nano-enabled product
 
 348
 
 would not be considered significantly different from conventional formulations of
 
 349
 
 pendimethalin. Conversely, if this initial evaluation demonstrates that the a.i.-nanocarrier 15
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 350
 
 complex is moderately durable in soil and the complex is significantly mobile in soil and
 
 351
 
 water then the risk analysis phase may need to consider the need for specific environmental
 
 352
 
 fate and effects data on the nano-enabled formulation.
 
 353
 
 PROBLEM FORMULATION IS AN ITERATIVE PROCESS
 
 354
 
 Problem formulation provides an important opportunity to properly define the scope
 
 355
 
 of a risk assessment and to integrate the needs of the risk managers and decision makers, who
 
 356
 
 ultimately decide how and when chemicals or chemical products can be safely introduced to
 
 357
 
 the marketplace. The approach outlined above is based around a series of general questions
 
 358
 
 that guide the process. The crucial step is to determine what information is necessary to
 
 359
 
 characterise the novel properties of the nano-enabled pesticide formulation. The use of
 
 360
 
 nanomaterials in formulations (such as nanocarriers) can significantly alter the fate of the
 
 361
 
 active ingredient in soil, and we describe a simple framework to help risk assessors determine
 
 362
 
 how the formulation is likely to affect mobility and persistence of the a.i., based on the
 
 363
 
 known persistence and mobility of the a.i. and the durability of the nano-enabled pesticide.
 
 364
 
 The problem formulation is guided by the nature of the product being assessed and
 
 365
 
 associated application scenario. The problem formulation presented here for the nano-enabled
 
 366
 
 pendimethalin SC herbicide product shows only the first iteration of the process. An
 
 367
 
 important feature of the problem formulation phase of risk assessment is iteration.13 For
 
 368
 
 conventional chemicals and chemical products, the iterative cycle may be abbreviated
 
 369
 
 because there is a wealth of relevant experience that can be used when formulating the initial
 
 370
 
 risk assessment hypothesis. The major factors influencing the environmental fate and effects
 
 371
 
 of most major classes of chemical are well understood and the most important factors
 
 372
 
 influencing ecological risks have been established over decades of practice. However, for
 
 373
 
 unconventional chemicals and/or novel exposure scenarios there is often a need to revise the 16
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 374
 
 initial risk assessment hypotheses developed during the problem formulation phase, and to
 
 375
 
 revise the risk analysis plan accordingly. This iterative approach is also likely to be important
 
 376
 
 in regulatory assessment of nano-enabled pesticides as there are as yet few registered nano-
 
 377
 
 enabled agrochemical products.
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 FIGURE CAPTIONS
 
 494
 
 Figure 1. Durability of nano-enabled pesticide with a core-shell structure: When a nano-
 
 495
 
 enabled pesticide comprised of a carrier/encapsulation material (represented in green) and an
 
 496
 
 a.i. (represented in yellow) is applied in the field, environmental durability can vary widely.
 
 497
 
 This variation is depicted for rapid release, slow release, and no release of the a.i. from the
 
 498
 
 complex. A represents a scenario when the a.i. is released rapidly (e.g. within hours after
 
 499
 
 application); B represents a slower release (over several days) of a.i. and C, when a.i. is not
 
 500
 
 released (e.g. over several weeks) from the nanocarrier.
 
 501
 
 Figure 2. Possible association between nanocarriers (either mobile (A) or immobile (B) in
 
 502
 
 the environment) and pesticide a.i. (exhibiting various degrees of mobility and persistence in
 
 503
 
 the environment). The durability of the complex is key to determining the extent to which the
 
 504
 
 exposure profile is modified.
 
 505
 
 21
 
 ACS Paragon Plus Environment
 
 Journal of Agricultural and Food Chemistry
 
 506
 
 FIGURES
 
 507
 
 508 509
 
 Fig. 1
 
 510
 
 22
 
 ACS Paragon Plus Environment
 
 Page 22 of 25
 
 Page 23 of 25
 
 Journal of Agricultural and Food Chemistry
 
 511 512
 
 Fig. 2
 
 513
 
 23
 
 ACS Paragon Plus Environment
 
 Journal of Agricultural and Food Chemistry
 
 514
 
 LIST OF ABBREVIATIONS
 
 515
 
 a.i.
 
 Active ingredient in a pesticide product
 
 516
 
 BCF
 
 Bioconcentration factor
 
 517
 
 IUPAC
 
 International Union of Pure and Applied Chemistry
 
 518
 
 Koc
 
 Soil organic carbon:water partitioning coefficient
 
 519
 
 Kow
 
 Octanol:water partition coefficient
 
 520
 
 OECD
 
 Organization for Economic Cooperation and Development
 
 521
 
 UV
 
 Ultraviolet radiation
 
 522
 
 SC
 
 Suspension concentrate
 
 523 524
 
 24
 
 ACS Paragon Plus Environment
 
 Page 24 of 25
 
 Page 25 of 25
 
 Journal of Agricultural and Food Chemistry
 
 ToC graphical abstract 254x190mm (96 x 96 DPI)
 
 ACS Paragon Plus Environment
 















Copyright © 2024 DATAPDF.COM. All rights reserved.

About Us |
Privacy Policy |
Terms of Service |
Copyright |
Contact Us










×
Sign In






Email




Password







 Remember me

Forgot password?




Sign In




 Login with Facebook
















