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EXECUTIVE SUMMARY

In late 2022, the European Commission (EC) published a recommendation on the implementation of the Safe and
Sustainable by Design (SSbD) framewaork for chemicals and materials across different phases of the innovation
journey (such as design, preparation, experimentation, and prototyping), during which choices are made regarding
the progression, discontinuation, or modification of the innovative approach. The recommendation of the
European Commission launches a testing period and a voluntary reporting mechanism, and the Commission plans
to revise the framework based on feedback from stakeholders such as industry, academia, the research
community, and support from European Member States. The recommendation from the European Commission
underlines that both safety and sustainability should be addressed in the design phase and not considered as an
afterthought, e.g., when a material or product has been developed and is about to be used in society.

Following a Safe and Sustainable by Design (SSbD) approach, AGRO4AGRI will explore 4 different materials and
several approaches to reach the controlled-delivery fertiliser targets, and 2 approaches as slow and controlled
release mechanisms. Technologies explored in AGRO4AGRI by core and participants partners are Nanocellulose
derivative (NCL); Mesoporous Silica Nanoparticle {MSNs); Hydrophobic Deep Eutectic Solvents (HDESs); Super
Absorbing Polymers (SAPs); Nanoclays (NCs); RNA interference (RNAI); double-stranded RNA (dsRNA); Plant
Biostimulant (PBs) for enhanced Nitrogen Use Efficiency (NUE).

In this deliverable we focus on Stage 1 of the EC SSbD framewaork, and we report on the completion of Task 2.2
that revolves around establishing and matching principles for (re)design of agrochemical solutions according to
the SShD framework. The task has two subtasks, namely subtask 2.2.1that aims to define goal, scope, and system
boundaries and subtask 2.2.2. Evaluation of production of the new agrochemical solutions against the SSbD
principles.

For each AGRO4AGRI solutions, we completed the four steps of the SSbD framework:
1) definition of SSbD system elements;
2) setting system boundaries;
3) description of the goal(s) of innovation; and
4) the preliminary identification of potential hotspots along the life cycle of the innovation.

The starting point of the definition of the system to be assessed will depend on the organisation’s position in the
life cycle of the chemical/material. When it comes to the technologies explored in AGRO4AGRI, the organisation’s
position in the life cycle of the chemical/material is at the very early stages of research and development when
it comes to the production processes as well as the product applications. At this point in time, it is also not known
to a full extent what chemicals and materials might be used in the development of the technologies. However, to
establish an early engagement with the value-chain, the framework Early4AdMa developed by the OECD in 2023
was used to probe and outline already identified potential candidates for each of the technologies. Additionally,
the Early4AdMa framework was utilized to identify pivotal knowledge gaps that would have to be addressed in
the upcoming WPs (e.g. WP7 — Environmental, socio-economic and sustainability assessment) and can be used to
support decisions on selection of materials and processes in WP2 (task 2.4). In general, Early4AdMa is an early
awareness and action system that through 65 questions help to systematically identify potential effects related
to four topics 1) human health, 2) environment, 3) sustainability and 4) regulatory preparedness.

Regarding setting system boundaries which is the step 2 of the SSbD framework, AGRO4AGRI focuses on all
conventional sustainability/SSbD imbedded aspects, including environmental sustainability and socio-economic
assessment. A critique that has been raised regarding conventional existing assessment schemes, and thus
mainly focusing on induced and (generally) disregarding avoided impacts (e.g. avoided human toxicological
impacts related to (avoided) indirect land use change (iLUC)) and thus eroding the actual sustainability coverage.
Therefore, a need was identified here to also explore how the more elusive, yet equally relevant, indirect impacts
can be accounted for as part of/in addition to the SSbD assessment framework. This need will be addressed in
future work in WP7. The definition of the SShD system furthermore requires the description of the goal(s) of
innovation subject to the SSbD evaluation. The goals of each of the different technologies explored in AGRO4AGRI
varies and include modifying the nanocellulose and biochar to interact more effectively with the active
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ingredients in fertilizers. When it comes to the goal of the innovation, the SSbD framework recommended by the
European Commission covers three levels of the term ‘by design”:

e Molecular design, to design new chemicals and materials based on their chemical structure;

e Process design, to make the production process safer and more sustainable, both for chemicals and
materials being developed and for existing chemicals and materials;

e Product design, where the results of the SSbD assessment support the selection of the chemicals or
materials to meet the functional demands of the final product in which they are used.

All the different AGRO4AGRI solutions are found to include elements of all 3 levels of design. For instance,
molecular design is crucial in developing materials that can interact at the chemical level with fertilizers and
other substances, ensuring that these interactions are conducive to the slow and controlled release of
nutrients. A lot of effort will also be made regarding process design, namely in designing the methods and
conditions under which AGRO4AGRI solutions are synthesized and modified in order to make the production of
these solutions scalable, cost-effective, and environmentally sustainable. Thisincludes optimization of synthesis
parameters (such as temperature, pH, and reactant concentrations) and the development of functionalization
techniques that modify the surface properties of the materials to enhance their performance as delivery
systems. At the product design level, the results from molecular and process design are implemented to produce
AGRO4AGRI solutions that meet the functional requirements of specific agricultural applications. This includes
ensuring that, for instance, nanocarriers can deliver nutrients in a controlled manner to maximize their efficiency
and minimize environmental impact.

Once the goal(s) of innovation is described, it triggers a series of questions in the SSbhD framewaork, for example:
What are the principles on which the (re)design is going to be based? After having reviewed principles for
chemicals and materials in general as well as SShD principles for nanomaterials in specific, we have decided to
focus on 3 overall principles of SShD design. These are:

e Avoid substances, mixtures and materials that are classified as e.g., CMRs, reproductive toxicants
according to the European Classification, Labelling and Packaging (CLP) Regulation known as the CLP
Regulation;

e Avoid substances that fulfil the criteria for being Persistent (P), Bioaccumulative {B), Toxic (T) or Mobile
(M);

e Avoid unintended exposure to humans and environment.

Depending on the chemical composition and nanoparticle morphology, nanoclays are organized into various
groups such as montmorillonite, bentonite, sepiolite kaolinite, hectorite, and halloysite. Different hazard
notifications have been provided by companies to the European Chemicals Agency in accordance to the
Regulation on Classification, Labelling and Packaging ranging from no hazards to H315 (Causes skin irritation),
H318 (Causes serious eye damage), H335 (May cause respiratory irritation) and H350 (May cause cancer, state
route of exposure if conclusively proven that no other route applies). Biochar is notified as a flammable solid
(H228), whereas hazards associated with the synthesis of biochar include: The heat source of the kiln, the release
of toxic and flammable gases when extracting biochar from the reactor and possible leakage of toxic and
flammable gases which could lead to an explosion. HDESs and SAPs were chosen for their ability to modify the
release properties of fertilizer carriers and candidates for materials to be explored in AGRO4AGRI. Deep eutectic
solvents with different hydrophobicity properties include: Betaine, menthol, thymol and hexanoic acid. No hazards
have been reported on betaine and decanoic acid whereas ECHA Registration data indicates that menthol is
slightly toxic and skin and eyes irritation (H315 and H319). Thymol is reported Acute Toxicity 4 (H302), Skin
corrosion 1B (H314) and ecotoxicity for aquatic chronic 2 (H411). Finally, Hexanoic acid has been reported to be
slightly ecotoxic in freshwater fish. There are several different chemicals and materials involved in the
development of SAPs and some of these have CLP classifications such as cellulose (Respiratory hazards (H335)
and acute toxicity if its contacted to skin or swallowed (H312 and H302 respectively), starch (Eye Irritation 2 (H319,
H320), Acute toxicity by inhalation (H332, H335), Toxicity to aquatic life (H411)), chitosan (Skin and eye irritation
(H315 and H319), Affects to organs (lungs if it is inhaled (dry powder) and carrageenan (Eye Irritation 2 (H319) and
suspect to be carcinogenic Category 2 (H351)). Due to the hazard properties of carrageenan, this material will be
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not used moving forward in AGRO4ZAGRI. In general, NFC, NCHs and NFs are believed to be biodegradable, non-
toxic, and sourced from renewable materials, making them environmentally friendly options for agricultural
applications. The chemicals and materials used in the synthesis of NFC, NCHs and NFs include NaOH, H,0,, HCl,
oxygen, sodium chlorite and liquid nitrogen. Collectively, these chemicals and materials have been classified as
causing severe skin burns and eye damage {(NaOH, H,0,, HCL, sodium chlorite) in addition to may be corrosive to
metals (NaOH, HCl), may cause fire or explosion (strong oxidiser) (H,0,), harmful if swallowed (H,0,) and
harmful/toxic if inhaled (H,0,, HCL), may cause respiratory irritation (HCL), harmful to aguatic life with long lasting
effects (H,0, Sodium chlorite), may damage fertility or the unborn child (HCl), may cause damage to organs
through prolonged or repeated exposure (HCL sodium chlorite) and contains gas under pressure and may explode
if heated HCL, may cause or intensify fire (oxidiser) (oxygen), fatal in contact with skin (sodium chlorite), toxic if
swallowed (sodium chlorite), very toxic to aquatic life (sodium chlorite), may cause fire or explosion (strong
oxidiser) {sodium chlorite) and may explode if heated and contains refrigerated gas and may cause cryogenic
burns or injury {liquid nitrogen).

All the delivery systems developed in AGRO4AGRI on NCs, NCLs, MSN and biochar will be combined with fertiliser
raw materials. Raw materials for controlled release fertilisers that will be explored include urea and ammonium
nitrate as nitrogen sources, monoammonium phosphate and phosphoric acid as phosphorous sources and
potassium chloride and potassium sulfate as potassium sources. Collectively, these raw materials have been
classified as may intensify fire (oxidiser) (ammonium nitrate) and causes serious eye irritation (ammonium nitrate,
phosphoric acid, potassium sulfate), may cause respiratory irritation (ammonium nitrate) and causes skin
irritation (ammonium nitrate, phosphoric acid, potassium sulfate), harmful if swallowed (phosphoric acid) and
may be corrosive to metals (phosphoric acid)).

For Target-specific nematicides based on RNAI, encapsulation technologies for controlled release of dsRNA and
PB for enhance NUE no information on CLP was available.

The Early4AdMa framework was successfully applied for the initial agrochemical technologies (MSN, NC and
biochar) highlighting marked uncertainty related to the categories of safety assessment of human health and
environment. Uptake and transport across biological membranes was the most frequently highlighted issue and
should be prioritized in further assessment of the technologies.

In conclusion, the preliminary hotspot analysis reveals that there is a lack of data and information on the hazards
of the envisioned AGRO4AGRI solutions in - and of themselves, which underlines the importance of generating
this information in WP7 and utilizing the information for the final selection of materials and processes in WP2
(task 2.4). The hotspot analysis also reveals that several of the potential chemicals and materials involved in the
development of HDES and SAPs and synthesis of NFC, NCHs and NFs have many different hazard classifications
in the EU. Identifying the least hazardous chemicals and materials in the development and synthesis of these
AGRO4AGRI solutions will be a paramount importance in WP3, 4 and 5. The preliminary hotspot identification
underscored the necessity for ongoing assessment and optimization throughout the product lifecycle.

Overall, the application of the SSbD and Early4AdMa frameworks provided a robust foundation for developing
sustainable agrochemical solutions, with a strong focus on safety, functionality, and environmental impact.
Future work will continue to refine these approaches, addressing identified knowledge gaps and indirect impacts
to achieve comprehensive sustainability in agrochemical innovation. This will enable AGRO4AGRI to plan and
define the materials and processes eventually be employed in the development of controlled delivery fertilisers,
PB and precision-plant nematicides under Task 2.4 of WP2.
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Project’s summary

Agrochemicals are chemical products used in agriculture such as fertilizers, plant-biostimulants or pesticides.
The application of fertilizers in synergistic combination with biostimulants provides the nutrients required for
enhancing the crops yield, while pesticides are used to reduce the risk of loss from plant diseases and weeds on
agricultural production. Today, the agricultural sector faces several challenges, namely the loss and leaching of
fertilisers, the large amounts of pesticides used, the bioaccumulation and bioconcentration of them and the high
dependency on water availability.

In this context, nano and biotechnology strategies have recently gained more interest in the agricultural sector
compared to conventional agricultural technigues.

AGRO4AGRI seeks to provide ground-breaking and Safe and Sustainable by Design solutions for plant nutrition
and protection consisting of nano and biobased controlled delivery fertilisers and plant biostimulants, and target-
specific biopesticides based on RNAI technology, both for enhanced agrochemicals use efficiency. AGRO4AGRI
involves R&D and validation stages, aiming to minimize in the long term the use of agrochemicals in agriculture
in more than 50% to be aligned with the Farm to Fork Strategy, among other EU initiatives. Further project
developments include the evaluation of safety, social and economic impacts, activities to promote society and
policy makers engagement to bring wider impacts and better fulfil EU targets and position Europe at the forefront
of the agroindustry.

Document details

(Document, report / Demonstrator, pilot, prototype / Websites, patent filings, ideas,
etc / Data Management Plan / Other)

D2.1

Scientific SSbD evaluation for material and production processes

DTU

WP 2 Task 2.2

1.2

M2

M2

Public

The purpose of the deliverable is to establish and match principles for (re)design
AGRO4AGRI agrochemical solutions according to the SSbD framework and enable the
use of these principles for AGRO4AGRI. This includes defining goal, scope, and system
boundaries and the evaluation of production of the new agrochemical solutions
developed in AGRO4AGRI up against the SSbD principles.

Document’s abstract
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In late 2022, the EC recommended the SSbD framework to integrate safety and sustainability into the design
phase of chemical and material innovation. This initiative introduces a testing period and voluntary reporting
mechanism, seeking feedback from stakeholders, including industry, academia, and research communities. The
AGRO4AGRI project follows this framewaork, focusing on Stage 1to establish and match principles for redesigning
agrochemical solutions. Specifically, this deliverable aimed to implement the Safe and Sustainable by Design
(SSbD) framework recommended by the European Commission (EC) for chemicals and materials, focusing on its
application within the AGRO4AGRI project. The project explores various materials and approaches to achieve
controlled-release fertilizer targets, such as Nanocellulose derivatives (NCL), Mesoporous Silica Nanoparticles
(MSNs), Hydrophobic Deep Eutectic Solvents (HDESs), Super Absorbing Polymers (SAPs), Nanoclays (NCs), RNA
interference (RNAI), double-stranded RNA (dsRNA), and Plant Biostimulants (PBs) to enhance Nitrogen Use
Efficiency (NUE).

The analysis performed in Task 2.2 of the AGRO4AGRI project involves defining the goal, scope, and system
boundaries, and evaluating new agrochemical solutions against SSbD principles. The four steps of the SShD
framework were completed for each solution: 1) defining SShD system elements, 2) setting system boundaries, 3)
describing innovation goals, and 4) preliminarily identifying potential hotspots along the innovation lifecycle. The
Early4AdMa framework was also applied to probe and outline potential candidates and knowledge gaps in the
development of these technologies.

A key finding highlighted the critique of conventional sustainability assessments, which often neglect avoided
impacts like human toxicological impacts related to indirect land use change (iLUC). This identified a need to
explore these indirect impacts further, to be addressed in upcoming work packages (WP7). It is found that the
SSbD framework can effectively guide the initial stages of innovation in AGRO4AGRI, emphasizing the integration
of safety and sustainability from the outset. The exploration included molecular, process, and product design
levels, ensuring comprehensive consideration of chemical interactions, production processes, and final product
functionality. The study identified three primary SSbD principles: avoiding CMRs and reproductive toxicants,
substances classified as PBT or Mobile, and unintended human and environmental exposure. In conclusion, the
preliminary hotspot analysis reveals that there is a lack of data and information on the hazards of the envisioned
AGRO4AGRI solutions in - and of themselves, which underlines the importance of generating this information in
WP7. The hotspot analysis also reveals that several of the potential chemicals and materials involved in the
development of NCs, biochar, HDES and SAPs and synthesis of NFC, NCHs and NFs have many different hazard
classifications in the EU. ldentifying the least hazardous chemicals and materials in the development and
synthesis of these AGRO4AGRI solutions will be a paramount importance in WP3, 4 and 5. The preliminary hotspot
identification underscored the necessity for ongoing assessment and optimization throughout the product
lifecycle.

Overall, the application of the SSbD and Early4AdMa frameworks provided a robust foundation for developing
sustainable agrochemical solutions, with a strong focus on safety, functionality, and environmental impact.
Future work will continue to refine these approaches, addressing identified knowledge gaps and indirect impacts
to achieve comprehensive sustainability in agrochemical innovation. This will enable AGRO4AGRI to plan and
define the materials and processes eventually be employed in the development of controlled delivery fertilisers,
PB and precision-plant nematicides under Task 2.4 of WP2.
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« Goal(s) of the innovation

Molecular: design of new chemicals and materials based on the atomic level description of the
molecular system. This type of design effectively delivers new chemicals and materials.

Product: design of the product in which the chem