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This Deliverable D4.1, developed within Work Package 4 — Innovative Bio-based Products, reports
the activities and progress achieved by NOVAMONT, leader of Task 4.12 — Prototypes of biode-
gradable products (biolubricants, biostimulants, mulch films and phytosanitary products) for regen-
erative agriculture from oil seeds.

The work focused on the valorisation of low-ILUC oilseed crops cultivated on marginal lands to
produce innovative bio-based materials and products for regenerative agriculture. The results
demonstrate consistent advances across all targeted product lines (biolubricants, biostimulants,
mulch films, and phytosanitary products) derived from the transformation of vegetable oils and
oilseed cakes into renewable feedstocks and bio-based intermediates.

In the early project stages, internal bio-based benchmarks were developed and validated — notably
a biolubricant and a biopolymer-based mulch film — to verify the ability to achieve formulations
with the functional properties required for the designated applications. These benchmark products
also served as internal references for later activities based on project-specific feedstocks. This pro-
active approach enabled the optimization of processing and testing methodologies while awaiting
the availability of the crops produced within MIDAS.

During the subsequent phases, the focus shifted toward the full integration of the value chain, cov-
ering all steps from oil extraction and oxidative cleavage to polymerization, hydrolysis, formula-
tion, and pilot-scale validation. Most of the experimental work concentrated on safflower, identi-
fied as the most promising crop for the production of key target molecules for the MIDAS biorefinery
model — azelaic acid (for biopolymers) and pelargonic acid (for bioherbicides).

At the current stage, biolubricants and biopolymers have reached their final validation phase, while
biostimulant formulations are undergoing field testing (Task 2.2.3). The validation of adhesive hy-
drolysates and bioherbicide intermediates can be considered complete from a technical stand-
point, although further studies and optimization activities are planned in the upcoming months.

Overall, the results highlight the strong cooperation among partners and confirm the robustness of
the MIDAS bio-based model — a circular and integrated approach that transforms agricultural re-
sources from marginal lands into sustainable solutions for regenerative agriculture.
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The MIDAS project (Utilization of Marginal lands for growing sustainable industrial crops and devel-
oping innovative bio-based products) aims to promote the sustainable use of European marginal
lands by cultivating selected industrial crops and converting their biomass into high-value bio-based
products. By combining agronomic optimization, biorefinery processes, and product innovation,
MIDAS contributes to the development of circular, low-ILUC value chains that enhance biodiversity,
support rural economies, and reduce dependence on fossil resources.

Within this framework, Work Package 4 (WP4) — Innovative Bio-based Products focuses on develop-
ing new biodegradable and bio-based prototypes derived from oilseed crops grown on marginal
lands. The goal is to demonstrate the feasibility of producing biolubricants, biostimulants, muich
films, and phytosanitary products compatible with regenerative agriculture practices and environ-
mental safety standards.

Task 4.1 — Biochemicals, Bioplastics and Elastomers, led by NOVAMONT, specifically targets the val-
orisation of oilseed-based feedstocks, particularly safflower and cardoon, as renewable sources of
industrial intermediates and products. These crops are rich in triglycerides suitable for conversion
into pelargonic and azelaic acids, key building blocks for bio-based herbicides and biopolymers.

The safflower oil extracted from the project crops was selected for its favourable fatty acid profile
and technical properties and was evaluated as a renewable base oil for the formulation of biode-
gradable lubricants for agricultural machinery. In parallel, the residual seed cakes obtained after
oil extraction were valorised through enzymatic hydrolysis to produce protein hydrolysates, suita-
ble for use in biostimulant and adhesive applications.

Through this integrated and collaborative approach, Task 4.1 demonstrates the technical feasibility
of transforming project crops into multiple bio-based product streams. The activities were con-
ducted in close cooperation with project partners, ensuring complementarity between laboratory
research, pilot-scale development, and field validation within the overall MIDAS value chain.
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The development of innovative bio-based products within WP4 — “Innovative bio-based products”
is closely interconnected with the activities carried out in WP2 and WP3, ensuring a fully integrated
and circular approach across the MIDAS value chain — from crop cultivation on marginal lands to
prototype testing under real agricultural conditions.

Within WP3 — “Development and optimization of sustainable cropping systems”, Novamont, in
collaboration with other partners, contributed to the cultivation and agronomic management of
the target oilseed crops — cardoon (Cynara cardunculus) and safflower (Carthamus tinctorius) —
on marginal lands in Italy. These field activities aimed to demonstrate the adaptability of the se-
lected industrial crops to low-input environments and to generate the oilseed-based feedstocks re-
quired for downstream valorisation.

The harvested seeds were processed to obtain vegetable oils and oilseed cakes, which constitute
the primary feedstocks for prototype development under WP4. This vertical integration, from field
cultivation to material processing and product formulation, ensures the systemic consistency of the
MIDAS bio-based model, exemplifying its circular and cross-sectoral approach.

Each WP4 product line valorises these feedstocks through specific conversion pathways, coordi-
nated under NOVAMONT’s leadership within Task 4.1 — Biochemicals, Bioplastics and Elastomers:

* Task 4.1.1 — Biodegradable biolubricants: vegetable oils obtained from project-grown seeds were
refined and formulated into bio-based UTTO lubricants for agricultural machinery, with ongoing op-
timization to achieve full performance validation;

* Task 4.1.2 — Agricultural biostimulants: the protein-rich cakes resulting from oil extraction were
hydrolysed enzymatically to obtain protein hydrolysates suitable for agricultural biostimulant and
adhesive applications;

» Task 4.1.3 — Biodegradable mulch films: starch- and polyester-based biomaterials were optimised
using renewable intermediates derived from oilseed processing;

* Task 4.1.7 — Phytosanitary products: bio-based intermediates such as pelargonic and azelaic acids
were produced through oxidative cleavage of the vegetable oils, providing key building blocks for
bioherbicide and biopolymer formulations.

A strong operational link exists with WP2 — Establishment of case studies and field trials, and partic-
ularly with Task 2.2.3, where the prototypes developed within WP4 are tested and validated under
field conditions. These experimental trials evaluate the agronomic performance, biodegradability,
and environmental compatibility of the new bio-based formulations.

Feedback and data collected in WP2 support further optimisation within WP4, ensuring that the
developed products meet technical, environmental, and practical performance targets. Through
this strong interconnection between WP2, WP3, and WP4, the MIDAS project establishes a fully
integrated bio-based innovation chain, where agricultural production, industrial transformation,
and field validation converge toward the shared goal of developing sustainable, low-ILUC value
webs for regenerative agriculture.
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The following scheme (Figure 1) illustrates the integrated feedstock-to-product pathway connecting
the agricultural and industrial dimensions of the MIDAS project. It highlights the continuity between
WP3 and WP4, showing how NOVAMONT, as a key actor in both, bridges the production of oilseed-
based feedstocks (cardoon and safflower) with their subsequent transformation into innovative
biodegradable products for regenerative agriculture.

This flow demonstrates the systemic vision of MIDAS, where every biomass fraction — oil, cake, or

by-product — is efficiently valorised through tailored conversion routes to generate high-value bio-
based materials with reduced environmental impact.
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Figure 1. Integrated pathway connecting the agricultural and industrial dimensions of the MIDAS project
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The objective of Task 4.1.1 — “Biodegradable Biolubricants” is to valorize vegetable oils obtained
from MIDAS project crops as renewable feedstocks for the formulation of biodegradable lubricants
for agricultural machinery (Universal Tractor Transmission Qils, UTTOs), ensuring high technical per-
formance and low environmental impact.

During the first project period (M1-M18), NOVAMONT developed and internally validated a bench-
mark biolubricant formulation based on commercial vegetable oils which served as a reference for
subsequent integration of project feedstocks. In the second project period (M19-36), the activity
focused on replacing the benchmark base oil with refined safflower oil produced within MIDAS
(WP3), assessing its suitability as a renewable, low-ILUC feedstock for biolubricant applications.

The following table (Table 1) summarizes the main workflow of Task 4.1.1, from base oil refining to
formulation, characterization, and validation.
It highlights the transition from the industrial benchmark to the integration of project-derived feed-

stocks (safflower oil), underlining the collaboration with ELPE for external validation.

Table 1. Overview of the biodegradable biolubricant workflow within the MIDAS project

Acid value, io-

Bas? (.)" L Sl mtetjnal vege: Refined commerecial oil - dine number, NVMT
fining table oil .
purity check
. Design of multifunc-
Additi . o .
Packalev;e- tional additive package Developed and vali- B Bench and lab- NVMT
8 (antioxidant, EP, anti- dated on benchmark oil scale screening
velopment .
foam, dispersant, etc.)
Formulation Formulation of UTTO .Rheolf)glcal, .
. . tribological, oxi- NVMT,
and Internal  benchmark using refined MIDAS_U.TT.0._01 = . -
S . dative stability ELPE
Validation base oil
tests
Feedstock In- Substitution of base oil Physico-chemi-
tegration with safflower oil from - Safflower oil (WP3) cal characteriza- NVMT
g project crops tion
Additional refining Acidity, appear-
Refining Op- (basic-earth treatment) B Optimized refined saf- ance, compati- NVMT
timization to reduce residual acid- flower oil bility with addi-
ity tives
Formulation Reformulation using bro- Processing and
Reproduc- . g P - MIDAS_UTT.O._02/_03  stability evalua- NVMT
. ject safflower oil .
tion tion
Validation
and Perfor- External characterization = Benchmark oil validated  Project oil-based formu-  Technical valida- NVMT,
mance Test- and field validation by ELPE lation under validation tion ongoing ELPE

ing
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During the first project period (M1-M18), NOVAMONT developed a biodegradable UTTO formula-
tion based on refined vegetable oil, serving as the benchmark lubricant. A specific additive package
was designed to ensure oxidative stability, anti-wear protection, and foam control. The final formu-

lation, named MIDAS_U.T.T.0._01, achieved comparable or superior performance to a commercial
mineral oil-based UTTO.

This formulation was sent to ELPE (Task partner) for external characterization and validation, con-
firming its suitability for agricultural lubrication applications.

In the second project period (M19-36) building on the validated benchmark, NOVAMONT investi-
gated the use of safflower oil (WP3) as a bio-based alternative.

The oil underwent a multi-step refining process (degumming, neutralization, bleaching), producing
a high-purity feedstock. The refined safflower oil was used as the new base for the formulation
MIDAS_U.T.T.O._02, replacing the commercial oil while keeping the same additive system previ-
ously validated.

Preliminary results showed improved oxidative stability and pour point, but persistent foaming and
turbidity were observed, traced to residual acidity affecting additive compatibility.

To address this, an additional refining step using basic bleaching earths was introduced, producing
a clear, stable oil used in the UTTO_MIDAS_03 formulation.

Further performance validation of this formulation is currently ongoing.

Further details will be reported in MIDAS Technical Report RP2 (Task 4.1.3).

e A bio-based UTTO formulation (MIDAS_U.T.T.0._01) was successfully developed and validated
by ELPE for the application (U.T.T.0O.), matching or exceeding mineral oil performance;

e The additive package in MIDAS_U.T.T.O._01 optimized oxidative stability and EP performance
with low environmental impact;

e Safflower oil, produced within MIDAS, was identified and refined as a viable base oil;

e Residual acidity initially caused foaming and turbidity in UTTO_MIDAS_02, but optimization of
the refining process (basic-earth treatment) led to a clear, stable formulation (UTTO_MIDAS_03);

e Technical validation of safflower-based formulations is ongoing in collaboration with ELPE;

e The task demonstrates advanced integration from project crops to biolubricant formulation
within a circular bioeconomy framework, with ongoing optimization steps aimed at ensuring full
validation and performance stability
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Data sheet: Benchmark Biolubricant

Vegetable-based UTTO formulated from refined commercial oil and multifunctional additive

Description
system.
e Excellent oxidative stability and high EP resistance;
e a- e Controlled viscosity and improved pour point;
litative resul
Qualitative results e Minimal foaming under optimized additive balance;
e ELPE confirmed its technical suitability for agricultural machinery lubrication, aligning

with UTTO standards.

Parameter Reference Standard
Appearance
Flash Point COC ASTM D92
Kinematic Viscosity at 40°C ASTM D445
Kinematic Viscosity at 100°C ASTM D445
Foaming Tendency ASTM D892 alt
Foaming Stability ASTM D892 alt
Emulsion Time until Separation ASTM D1401
ASTM Color ASTM D1500
. Total Base Number (TBN) ASTM D2896 (Proc A)
Key properties:
Total Acid Number (TAN) ASTM D664 mod
Pour Point ASTM D5950
Calcium (Ca) ASTM D5185
Phosphorus (P) ASTM D5185
Zinc (zn) ASTM D5185
Magnesium (Mg) ASTM D5185
Silicon (Si) ASTM D5185
Tin (Sn) ASTM D5185
Density at 15.00°C ASTM D7042

Figure 2. Novamont Vegetable-based UTTO was validated and certified by ELPE. All tests were
performed according to the corresponding ASTM norms.

10
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Description Safflower oil derived from project crops was refined and integrated into the validated additive system.

Qualitative results e UTTO_MIDAS_02: Good oxidative stability and pour point, but turbidity and foaming observed;
e UTTO_MIDAS_03: After refining optimization, oil showed clarity and improved handling stability.

Table 2. Comparison of Safflower oil acidity before and after refining optimization.

Sample Acid value (mg KOH/g)

Key properties: Before treatment 0.67
After treatment 0.02

Images:

Figure 3. Comparison between UTTO_MIDAS_02 (right) and UTTO_MIDAS_03 (left). The opti-
mized formulation shows a clear and homogeneous appearance, confirming the effectiveness of
the modified refining process.
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phytosanitary products) for regenerative agriculture from oil seeds
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The objective of Task 4.1.2 — “Agricultural biostimulants” is to define and optimize an innovative
process for producing protein hydrolysates from oilseed cakes, solid by-products generated after
the mechanical extraction of vegetable oils from project crops (cardoon and safflower).

These cakes are rich in proteins, fibers, and bioactive compounds, representing a valuable second-
ary feedstock within the MIDAS bio-based value chain.

The activity aims to demonstrate the technical feasibility and circular valorization of these residues
into functional bio-based products, such as agricultural biostimulants and adhesive components
(Task 4.1.4 - CHIMAR).

Through enzymatic hydrolysis (proteolysis) and downstream purification, optimized protocols were
developed to obtain protein-rich hydrolysates with tunable biochemical properties.

Table 3 summarizes the main stages of the process developed for the production and valorization
of protein hydrolysates within the MIDAS framework, highlighting the transformation from oilseed
cakes to functional products and the collaborative roles of partners involved.

Table 3. Overview of the protein hydrolysate production and valorization chain within the MIDAS project.

(?Il Extrac- Mechanical pressing of Cardoon seed Safflower seed GC acid profile, dry NVMT
tion (WP3) seeds matter
Cake Char- Analysis of nitrogen, pro-
acteriza- y gen, p Cardoon cake Cardoon cake Kjeldahl method NVMT
. tein, and dry matter
tion
Enzymatic proteolysis un-
Enzvmatic der optimized T, pH, and
H d‘:‘ol sis enzyme loading, followed N, Free AA, Polyphe-
a:d Re¥'in by downstream purifica- PH-MIDAS_1, 2, 3 PH-MIDAS_4 nols, Density, Dry NVMT
ing Process tion and concentration to Matter
g obtain protein hydroly-
sates
Integration into bio- Gors?:rr:rlllz:ir:ck)t?\:it)l- Adhesive perfor- CTI\I/ICI/IA-I-R
Validation Adhesive (Task 4.1.4) and based adhesive for- Y y mance (CHIMAR); Ag-
R L ) . . tests (positive results); . CRES
& Applica- = Biostimulant efficacy tests mulations — vali- field performance vali. ~ ronemic performance AUA
tion (Task 2.2.3) dated by CHIMAR daﬁo':] ongoing (M19— (NVMT, CRES, AUA, UNICT
(M1-M36) 36) UNICT, CIEMAT) CIEMAT

This integrated workflow highlights the complete valorization pathway from oilseed cakes to func-
tional protein hydrolysates, ensuring a circular and low-impact bio-based value chain.

12
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During the first project period (M1-M18), NOVAMONT characterized cardoon and safflower oil
cakes in terms of nitrogen, protein, and dry matter content.

Enzymatic hydrolysis protocols were optimized by varying enzyme loading, pH, and reaction time,
leading to the production of two batches of cardoon-derived hydrolysates (PH-MIDAS_1 and PH-
MIDAS_2) with different free amino acid contents. These preparations served as the basis for sub-
sequent validation as adhesive components and biostimulant candidates.

In the second period (M19-M36), process optimization resulted in a third batch (PH-MIDAS_3) with
higher hydrolysis degree and improved homogeneity, sent to CHIMAR for formulation testing (Task
4.1.4). In parallel, safflower-based hydrolysates (PH-MIDAS_4) were produced for biostimulant ap-
plications, positive tested internally in growth chambers on zucchini plants and subsequently
shipped to CRES, AUA, UNICT, and CIEMAT for field trials under Task 2.2.3.

These activities confirm the robustness of the developed process and its flexibility to produce hy-
drolysates tailored for multiple end uses.

Further details will be reported in MIDAS Technical Report RP2 (Task 4.1.3).

e Successful conversion of oilseed by-products into high-value protein hydrolysates;

e Cardoon-based hydrolysates validated for adhesive applications by CHIMAR;

o Safflower-based hydrolysates demonstrated positive preliminary biostimulant performance
on project crops;

e Feedstocks derived from low-input, low-ILUC cropping systems on marginal rural land;

e Strengthened circular bioeconomy integration, linking WP3 oil extraction, WP4 bioproduct de-
velopment, and WP2 field testing;

e Field trials and extended validation ongoing within Task 2.2.3.

13
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3.5 Characterization and Performance of Developed Materials

Cardoon and safflower seed cakes, generated as by-products from oil extraction, were character-
ized to assess their suitability as feedstocks for protein hydrolysate production.

Analyses included dry matter, nitrogen, and protein content determination using the optimized
Kjeldahl method.

Description

Results . Both cakes showed high dry matter content (90-92%) and relevant organic nitrogen fractions

. The protein content ranged from 18% to 21% (cardoon) and 18—-20% (safflower), confirming
their potential as protein-rich substrates for enzymatic hydrolysis.

Table 4. Results of the characterization of cardoon and safflower cakes in terms of dry matter
(D.M.), protein and nitrogen content
Key analytical data

Cardoon cake 90-92 2-4

19-21 18-20
Safflower cake 90-92 1-3

18-20 20-21

"‘) Midas

NOVAMONT
LTINS

\

i

Images:

Figure 4. Cardoon (left) and safflower (right) oil cakes
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Data sheet: Cardoon-Based Protein Hydrolysates (PH-MIDAS_1/ 2/ 3)

Protein hydrolysates were produced from cardoon oil cakes via enzymatic proteolysis followed by
downstream refining and concentration.

Descrlphon Process optimization (temperature, pH, enzyme loading, and reaction time) was performed to mod-
ulate the degree of hydrolysis and the concentration of free amino groups.
Three batches were produced: PH-MIDAS_1, PH-MIDAS_2, and PH-MIDAS_3.
e Hydrolysates exhibited consistent composition across batches, demonstrating process repro-
ducibility;
e The third batch (PH-MIDAS_3) showed an increased free amino acid fraction (17.9%) due to
Results optimized substrate loading;
e All samples maintained high nitrogen and polyphenol contents, confirming a balanced nutrient
profile suitable for bio-based adhesive applications;
e CHIMAR validated the material’s performance within Task 4.1.4 adhesive formulations.
Table 5. Main characteristics of PH-MIDAS 1 and PH-MIDAS 2 cardoon protein hydrolysates
e Nitrogen Density Dry Matter  Free Amino Ac- Total Polyphe-
(%) (g/ml) (%) ids (%) nols (g/L)
Key analytical data PH-
MIDAS_1 1.27 1.224 67.0 14.2 25.03
PH- 1.39 1.283 77.9 9.9 22.12
MIDAS_2
PH- 1.37 1.261 71.7 17.9 21.50
MIDAS_3
Images:

Figure 5. NOVAMONT Cardoon Hydrolysate

15
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A protein hydrolysate derived from safflower oil cakes was developed for agricultural biostimulant

applications. Specific process adjustments were implemented to account for the compositional dif-
ferences compared to cardoon cakes.

Description

. The safflower-derived hydrolysate exhibited higher nitrogen content (2.00%) and lower dry
matter and density, potentially favorable for the application.
Results . Free amino acids reached 10.9%, and total polyphenols 9.15 g/L, yielding a balanced com-
position suitable for agricultural use.

Preliminary growth chamber trials on zucchini crops confirmed the potential biostimulant
activity, which will be further validated in field trials (Task 2.2.3).

Table 6. Main characteristics of PH-MIDAS 4 safflower protein hydrolysate

PH-
MIDAS_4 2.00 1.097 29.9 10.9 9.15

o Midas

Images:

Figure 6. NOVAMONT Safflower Hydrolysate
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The objective of Task 4.1.3 — “Biodegradable in-soil mulch films” is to develop, innovative biode-
gradable materials and films derived from oilseed-based feedstocks produced within the MIDAS
project.

The task aims to demonstrate that biodegradable mulch films can be produced by integrating bio-
based monomers (e.g., azelaic acid) obtained through oxidative cleavage of the vegetable oils gen-
erated in WP3, into polymer formulations that meet technical and agronomic requirements.

The developed materials are intended to combine high mechanical performance, processability,
and soil biodegradability (EN 17033), while minimizing environmental impact and dependence on
fossil-based resources.

Moreover, the task also explores the use of biochar (from partner RE-CORD) as a renewable alter-
native to fossil-based carbon black, further increasing the renewable content of the final mulch
films.

The following table (Table 7) provides an overview of the biodegradable mulch film value chain
established within MIDAS. It summarizes the main steps, from feedstock production and oil extrac-
tion (WP3) to polymer synthesis, biomaterial processing, and field validation (WP2 — Task 2.2.3),
highlighting the key contributions of Novamont and its role in integrating all stages of the innova-
tion chain.

17



Table 7. Overview of the biodegradable in soil mulch film value chain within the MIDAS project.

Feedstock
Production
(WP3)

Oil Extraction
(WP3)

Oxidative
Cleavage
(T4.1.7)

Polyester
Synthesis

Reactive
Extrusion

Film Blowing

Validation and
Field Testing
(T2.2.3)

Cultivation of

project crops

on marginal
land

Mechanical
pressing of
seeds

Conversion of
vegetable oils
into mono-
mers

Polycondensa-

tion to obtain

biodegradable
polyesters

Transfor-
mation of pol-
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This integrated workflow highlights the full transformation from project crops to biodegradable film

prototypes, ensuring the demonstration of a sustainable, low-ILUC bio-based value chain.

During the first project period (M1-M18), a benchmark biodegradable mulch film was produced
and validated for its intended application on project crops through field testing. The mulch films
produced were sent to the partners (CRES, UNICT, CIEMAT) involved in Task 2.2.3 “Circular use of
MIDAS products on marginal lands” to be tested in the field. Novamont tests confirmed the valida-
tion of the product. The benchmark film demonstrated excellent field performance, confirming its
suitability for agricultural mulching applications.
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In the second period (M19-36), efforts focused on valorizing the oil pro-
duced from project crops (cardoon and safflower) via oxidative cleavage (Task 4.1.7), producing bio-
based azelaic acid for polyester synthesis. Two new polyesters were developed:

e MIDAS_POLY_01 (low azelaic content)
e MIDAS_POLY_02 (high azelaic content)

All subsequent activities, including polyester synthesis, reactive extrusion, and film blowing, were
conducted entirely at pilot scale. In this context, the benchmark material previously developed was
reproduced to ensure a consistent and reliable comparison with the newly developed bio-based
materials. These two polyesters were reactively extruded to obtain:

« MIDAS_BIOMAT_01 (from MIDAS_POLY_01)
« MIDAS_BIOMAT_02 (from MIDAS_POLY_02)

Both biomaterials were processed into mulch films using a pilot-scale extrusion and film blowing
line. The resulting films exhibited good mechanical strength, stable processing behavior, and com-
parable flow and rheological properties to the benchmark, confirming suitability for soil-biode-
gradable mulch film applications.

In parallel, RE-CORD’s biochar was investigated as a renewable alternative to fossil carbon black.
Due to technological limitations related to the excessive particle size and incompatibility with the
target application of the product supplied by RE-CORD, NOVAMONT proactively sourced a compat-
ible fine biochar to investigate the feasibility of this substitution. The alternative biochar was suc-
cessfully used at pilot scale in replacement of carbon black.

Further details will be reported in MIDAS Technical Report RP2 (Task 4.1.3).

The main technical results and sustainability achievements of Task 4.1.3 can be summarized as
follows:

¢ Benchmark biodegradable mulch film successfully produced at industrial scale and posi-
tively validated in field trials, confirming its technical performance;

¢ Bio-based azelaic acid successfully integrated into polyester synthesis, with comparable
performance to the benchmark material;

o All pilot-scale processing steps — polyester synthesis, reactive extrusion, and film blowing
— completed successfully;

¢ Biochar substitution demonstrated through a proactive NOVAMONT initiative, confirming
compatibility at pilot scale;

e Derived from renewable agricultural feedstocks (safflower and cardoon), contributing to
circular bioeconomy and carbon footprint reduction;

e Designed for soil biodegradability (EN 17033) and low environmental impact;

o Demonstrates full value chain integration — from crop to biopolymer to functional prod-
uct;

o Biodegradation and field tests planned for the next phase.
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4.5 Characterization and Performance of Developed
Materials

The benchmark mulch film, produced at industrial scale, served as the internal reference for
Description performance validation. It exhibited excellent mechanical strength and full compliance with
field stability requirements during testing on project crops (Task 2.2.3).

Results — Qualitative The benchmark exhibited excellent film-blowing processability, uniform surface morphology,
and stable mechanical behavior under field conditions. Successfully field-tested and used as

Overview comparison baseline.
Table 8. Main properties of Novamont benchmark mulch film
Key Properties:
FILM B 15 20-40 250-500 100-300
FILM B/W 15 20-35 250-500 200-300
Images:

Figure 7. Hemp cultivation using biodegradable black and white mulch film produced by No-
vamont (T 2.2.3)
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Polyesters were synthesized at pilot scale using azelaic acid obtainable from oxidative cleavage of
project crops (safflower and cardoon). Two formulations were developed to explore different re-
Description newable carbon contents and polymer properties:

MIDAS_POLY_01: low azelaic acid content;

MIDAS_POLY_02: high azelaic acid content.

Results — Qualitative Both formulations, containing azelaic acid, were deemed suitable for the subsequent project
phasemark (reactive extrusion).

Overview
Table 9. Summary of main properties (MFR, viscosity, acidity, and reaction time) of the two selected
polyesters (MIDAS_POLY_01 and MIDAS_POLY_02) relative to the benchmark.
Key Characterization mean + dev.std
Results: MIDAS_POLY_01  -8%t7% +53% + 10% -0,2% * 4% -19%*17%
(low azelaic)
MIDAS_POLY_02 -12%+ 12% +22% + 28% +4% + 3% -18% + 14%
(high azelaic)
® Processing performance: Fully suitable for subsequent reactive extrusion;
e Visual aspect: Reddish coloration like benchmark.
Images:

Figure 8. Polyester pellets: MIDAS_POLY_01 (left) and MIDAS_POLY_02 (right).
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Description

Key Characteriza-
tion Results:

Images:

The two polyesters were transformed through reactive extrusion into biomaterials designed for
mulch film applications.

e  MIDAS_BIOMAT_01: from MIDAS_POLY_01 (low azelaic);

e  MIDAS_BIOMAT_02: from MIDAS_POLY_02 (high azelaic).
All processing steps, including reactive extrusion and film blowing, were carried out at pilot scale,
under the same conditions as the reproduced benchmark material to ensure a consistent compari-
son.

Table 10. Melt flow properties of the prepared biomaterials relative to the benchmark.

MIDAS_BIOMAT_01
(low azelaic)
MIDAS_BIOMAT_02
(high azelaic)

160 1,18 +40% +39%

160 1,18 +28% +27%

Table 11. Rheological properties of the prepared biomaterials relative to the benchmark.

l]t=0

. 4
Material [Pa's] K (x10%) MS [eN] DR
MIDAS_BIOMAT_01 (low azelaic) -11% +92% -5% -26%
MIDAS_BIOMAT_02 (high azelaic) +4% -15% -31% -23%

Table 12. Mechanical properties of the films obtained from MIDAS_BIOMAT_01 and MIDAS_BIO-
MAT_02 biomaterials relative to the benchmark.

MIDAS MD TOUGH  +55%
PIOMATOL 15 1w asw w7 s

(low TD TOUGH  +74%
azelaic)

MIDAS MD TOUGH  +39%
BIOM.AT_OZ 16 7% 43% | +36% -43%

(high TD TOUGH +48%
azelaic)

e Processing performance: Stable reactive extrusion and film blowing, no operational issues.
e Validation: Field and biodegradation testing ongoing.

a) b) c)

Figure 9. Pellets and films obtained from the biomaterial MIDAS_BIOMAT_01 (a,c) and MIDAS_BIO-
MAT_02 (b,d)
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To enhance the renewable content of mulch films, NOVAMONT explored biochar as a sustain-
Description able alternative to fossil carbon black.
Since the biochar supplied by RE-CORD presented excessive particle size, NOVAMONT sourced

an external fine biochar to verify its suitability for film-blowing applications.

. . Processing: Smooth and stable extrusion without operational issues.
Key Characterization € P

e Rheological and mechanical analysis: Ongoing.
Results

e Validation: Analytical characterization.

Images:

Figure 9: Powder of biochar milled and sieved by Re-Cord (a) and Novamont biodegradable
mulch film produced with the alternative biochar used as renewable black pigment (b).
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Within Task 4.1.7 — Bio-based Phytosanitary Products, NOVAMONT focused on assessing the feasi-
bility of obtaining bio-based pelargonic acid from vegetable oils derived from the MIDAS project
crops (safflower and cardoon) and evaluating its suitability as the active ingredient in biodegrada-
ble-in-soil bioherbicide formulations.

This activity aimed to demonstrate that oils extracted from the project feedstocks can be used as
renewable sources for the production of pelargonic acid, enabling the substitution of fossil-derived
raw materials in the phytosanitary sector and contributing to the development of environmentally
friendly formulations compatible with regenerative agriculture.

In the upcoming activities, the pelargonic acid obtained from project feedstocks will be used to de-
velop and test biodegradable-in-soil bioherbicide formulations, combining it with essential oils
supplied by CIEMAT.

The following table (Table 13) summarizes the main stages of the bio-herbicide value chain within
the MIDAS project, from crop cultivation and oil extraction to oxidative cleavage and validation of
the pelargonic acid-based active ingredient, highlighting Novamont’s role in integrating all process
phases.

Table 13. Overview of the bio-based phytosanitary product value chain within the MIDAS project.

Feedstock Cultivation of cardoon, saf- Seeds Cardoon and safflower Agronomic yield and oil ~NVMT,
Production flower, and intercropping sys- biomass content CIEMAT
(WpP3) tem on marginal land
Oil Extraction = Mechanical pressing of seeds = Cardoon & | Crude vegetable oils GC acid profile, iodine NVMT
(wp3) safflower seeds number, acidity number
Oil Refining Degumming, neutralization,  Crude safflower oil Refined safflower oil Acidity reduction and vis-  NVMT
bleaching ual clarity
Oxidative Conversion of unsaturated Crude and refined @ Pelargonic acid (bio-herb- = GC analysis, yield evalua- = NVMT
Cleavage fatty acids into mono- and di- = safflower oil, inter- icide active) and azelaic = tion, process validation
carboxylic acids cropping oil acid (polymer monomer)
Product - L Bio-based herbicide for-  Field validation NVMT,
X Valorization of oxidative L .
Integration Pelargonic acid mulations (Task 2.2.3) CRES,
cleavage products
UNICT
e L . Polymer synthesis and
By-product Valorization of azelaic acid Azelaic acid Monomer for bio-based film performance valida- NVMT
Valorization (>99% purity) polyesters (Task 4.1.3) P

tion

During the first project period (M1-M18), activities focused on the characterization and evaluation
of vegetable oils (cardoon, safflower, and castor) as potential sources of pelargonic acid through
oxidative cleavage of oleic acid (NOVAMONT proprietary technology).
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Safflower and cardoon were selected as the most promising feedstocks ‘
due to their high oleic acid content and favourable theoretical yields of pelargonic acid.

In the second project period (M19-36), efforts focused on the valorization and transformation of
these vegetable oils into pelargonic and azelaic acids through Novamont’s proprietary oxidative
cleavage process.

High-oleic safflower oil was identified as the main candidate, while an intercropping system of car-
doon and safflower was investigated for potential integration into the Novamont biorefinery value
chain.

The results confirm that the project crops, particularly high-oleic safflower, are effective renewa-
ble feedstocks for the production of pelargonic and azelaic acids through oxidative cleavage.
This task successfully demonstrated the technical feasibility of producing both:

e Pelargonic acid, the active ingredient of the bioherbicide formulation developed by NOVA-
MONT, which showed positive results in field applications conducted under Task 2.2.3; and
¢ Azelaic acid, the key monomer used in the bio-polymer and biomaterial value chain (T4.1.3).

Further work will focus on refining and testing the cardoon—safflower intercropping oil to extend
and validate these findings, and on testing the bio-herbicide formulation together with CIEMAT es-
sential oils, as foreseen in the project.

Further details will be reported in MIDAS Technical Report RP2.

e High-oleic safflower confirmed as the optimal feedstock for pelargonic acid production.

e Successful oxidative cleavage of both crude and refined oils, with yields up to 68% for pel-
argonic acid and 66% for azelaic acid with respect to the theoretical yield obtainable by the
oxidative cleavage of the unsaturated molecules.

e Refining step improved oxidative cleavage performance and acid purity.

e Pelargonic acid validated as the active ingredient in Novamont’s bio-herbicide formulations
positive tested in the field (Task 2.2.3).

e Azelaic acid integrated into the bio-polymer and biomaterial value chain (Task 4.1.3),
demonstrating process complementarity.

¢ Intercropping (cardoon—safflower) highlighted as an additional opportunity for circularity
within the Novamont biorefinery model.

e Derived entirely from renewable vegetable oils from low-input and low-ILUC cropping sys-
tems cultivated on marginal lands, contributing to sustainable rural development.

e Biodegradable in soil, with low environmental persistence and reduced reliance on fossil-
based phytosanitary products.

e Demonstrates full vertical integration from crop cultivation to active ingredient formula-
tion, strengthening the circular bioeconomy by linking agrochemical and biopolymer value
chains.
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5.5 Characterization and Performance of Developed Materials

Description Vegetable oils extracted from safflower and cardoon—safflower intercropping systems were analyzed
to determine their fatty acid composition and physicochemical properties.

Total saturated 10,01
Total monounsaturated 77,12
Total polyunsaturated 12,87

Figure 11. Fatty acid distribution of safflower oil

Total saturated 14,78
Total monounsaturated 33,56
Key Analytical
Total polyunsaturated 51,67
Data: pev

Figure 12. Fatty acid distribution of intercropping (cardoon & safflower) oils

Table 14. lodine and total acidity number of safflower and intercropping oils

Crude safflower oil Crude intercropping car-
doon&safflower oil
lodine number (gl,/100 g) 90,5 122,74
Total acidity number (mgKOH/g) 1,55 1,46
Water content (%) 0,05 0,10
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Description Crude safflower oil was refined through a standard three-step process (degumming, neutralization,
and bleaching) to assess the influence of purity on oxidative cleavage process efficiency.

Results e Significant reduction in acidity, confirming the effectiveness of the refining process.
e Refined oil exhibited a clear and bright appearance, suitable for oxidative cleavage.

Crude vegetable oil

Water/Acid

\ 4

Degumming

Caustic soda
v

Neutralization

Washing

Drying

Key Key Analytical
Data

Bleaching earth

v

Bleaching

v

Refined vegetable oil

Figure 13. Refining process scheme

Table 15. Comparison of Safflower oil acidity before and after refining

Crude safflower oil Refined safflower oil

Total acidity number

1,55 0,46
(mgKOH/g)
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Description Both crude and refined safflower oils were subjected to oxidative cleavage using Novamont’s pro-
prietary catalytic process, producing valuable mono- and di-carboxylic acids.

Table 16. Yields of mono- and di-carboxylic acids from oxidative cleavage tests of crude and re-
fined safflower oil with respect to the theoretical yield obtainable by the oxidative cleavage of the

Key Key Analytlcal unsaturated molecules.
Data
Hexanoic acid 49.5 44.8
Pelargonic acid 66.8 68.7
Azelaic acid 63.5 66.4

e Refining enhanced reaction efficiency and final purity.;
e The Novamont process enables the isolation of pelargonic acid from the process stream (purity
Results: > 98%) and azelaic acid (purity > 99%);
e The pelargonic acid thus obtained is usable as the active ingredient in Novamont’s bioherbicide
formulations, validated in field trials (Task 2.2.3);
e Azelaic acid has been employed as a co-monomer in the development of bio-based polyesters
and biomaterials intended for biodegradable mulch film applications (Task 4.1.3).
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The work carried out under Task 4.1 — Biochemicals, Bioplastics and Elastomers led to substantial
progress in establishing integrated and sustainable value chains from oilseed crops cultivated on
marginal lands. The activities confirmed the technical feasibility of converting these renewable
feedstocks into multiple bio-based products for regenerative agriculture. Final validation and opti-
mization will be completed during the last project period.

Biodegradable biolubricants were developed through the formulation of bio-based UTTO (Univer-
sal Tractor Transmission Oil) lubricants. An initial benchmark formulation (MIDAS_U.T.T.O._01),
based on refined commercial vegetable oil, was validated by ELPE for agricultural use. In the subse-
guent phase, safflower oil produced within the project was successfully integrated as a new renew-
able base, leading to improved oxidative stability and pour point values. The latest formulation
(MIDAS_U.T.T.0._03), obtained through an optimized refining process, exhibited enhanced clarity
and stability. Further validation tests are ongoing to assess additive compatibility and confirm full
operational performance.

Agricultural biostimulants and adhesive precursors were developed from protein hydrolysates ob-
tained through enzymatic hydrolysis of oilseed cakes. Cardoon-based hydrolysates were validated
by CHIMAR as components for adhesive formulations, while safflower-based hydrolysates exhib-
ited promising biostimulant activity in growth chamber tests. The field performance validation of
these formulations is currently ongoing under Task 2.2.3.

Biodegradable mulch films were produced using bio-based polyesters containing azelaic acid de-
rived from project crops. Pilot-scale processing confirmed stable extrusion behaviour and mechan-
ical performance comparable to the industrial benchmark previously validated. Furthermore, the
activity demonstrated the feasibility of integrating a fine biochar, externally sourced and used as a
renewable pigment alternative to carbon black, within Novamont’s standard biodegradable mulch
film formulation. Biodegradation and field validation tests are currently ongoing.

Bio-based phytosanitary products were obtained by converting safflower and cardoon oils into
pelargonic and azelaic acids through oxidative cleavage. High purity levels (>98% and >99%) con-
firmed the technical feasibility of producing these key intermediates from project feedstocks. The
pelargonic acid serves as the active ingredient in bioherbicide formulations under evaluation, while
azelaic acid has been successfully used as a monomer in the polyester synthesis for mulch film pro-
duction.

In conclusion, the results achieved so far confirm the robustness, scalability, and coherence of the
MIDAS bio-based approach. Each product line has reached advanced stages of technical validation,
and the final project months will focus on completing product testing and fully demonstrating the
transition from feedstock to field application. The integration of agronomic, chemical, and indus-
trial expertise among partners ensures that MIDAS will deliver a validated set of sustainable and
regenerative bio-based solutions aligned with the project’s environmental and circular economy
objectives.
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