[ ]
un|vers|té . GRADUATE SCHOOL
PARIS-SACLAY = Chimie

Digital Micro-Certification
"The Challenges of Sustainable Chemistry"

January - February 2024

Project Managers

« Gwenaélle BOUJARD : gwenaelle.boujard@universite-paris-saclay.fr
Rachel MEALLET : rachel.meallet@universite-paris-saclay.fr
Laurent SALMON : laurent.salmon@universite-paris-saclay.fr




o
un|vers|té . GRADUATE SCHOOL
PARIS-SACLAY = Chimie

The main goal

"To introduce the basics of sustainable development (SD) to chemistry students
(master's level) and provide them with ideas for reducing the environmental impact of
their research (doctoral level)

Two levels of digital certification:
« Level 1 certification: SD basics in chemistry (Master - 10.5 h) - 2023-2024
« Level 2 certification: chemistry research and SD (PhD - 10 h) = 2024-2025

o prerequisite: obtaining Level 1
o enter the online training catalog with points recognition (ED)
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Module 1
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Pedagogical content

Certification level 1 : SD basics in chemistry (Master 10.5 h) = 2023-2024

: Introduction to SD in chemistry

L. SALMON (UPSay)
January 9, 2024 (Orsay)
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Pedagogical content

Certification level 1 : SD basics in chemistry (Master 10.5 h) = 2023-2024

C. CANNIZZO (UEVE/CEA)
January 16, 2024 (Evry)
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Module 2.1 : Lifecycle analysis (ACV) - Ecodesign
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Pedagogical content

Certification level 1 : SD basics in chemistry (Master 10.5 h) = 2023-2024

Module 2.2 : Lifecycle analysis (ACV) - Principles and Methodology

P. TARDIVEAU (UPSay)
January 23, 2024 (Versailles)
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Pedagogical content

Certification level 1 : SD basics in chemistry (Master 10.5 h) = 2023-2024

S. HENRY-DAGUERRE
January 30, 2024 (Orsay)

SARPI () VEOLIA

Module 3 : Chemical waste management and circular economy
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Pedagogical content

Certification level 1 : SD basics in chemistry (Master 10.5 h) = 2023-2024

M.-C. SCHERRMANN (UPSay)
February 6, 2024 (Evry)

2. Atom 3. Less Hazardous
Economy Chemical Synthesis

Module4 :Renewable and bio-sourced chemistry




o
un|vers|té . GRADUATE SCHOOL
PARIS-SACLAY = Chimie

Pedagogical content

Certification level 1 : SD basics in chemistry (Master 10.5 h) - 2023-2024

M. BOIVIN (UPSay)
February 13, 2024 (Versailles)

* *
* REACH %

* *
* 4 X

Module 5 : Environmental regulations and chemical standards .
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Pedagogical content

Certification level 1 : SD basics in chemistry (Master 10.5 h) = 2023-2024

M.-C. SCHERRMANN (UPSay)
February 20, 2024 (Orsay)

total massin a process or processstep

PMI =
massof product

process mass intensity
atom saving
environmental factor
carbon footprint

etc

Module 6 : Environmental performance assessment in chemistry

95% of chemistry students at UPSay have never had such a global vision of sustainable
chemistry during their training
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Module 1 - Introduction to sustainable
development in chemistry

Basics in Biogeochemistry, Chemical Pollutants and Sustainable Development

Tuesday 97, January 2024

Pr. Laurent SALMON
Institut de Chimie Moléculaire et des Matériaux d'Orsay (ICMMO)
Université Paris-Saclay, Orsay

laurent.salmon@universite-paris-saclay.fr
01691563 11
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Table of contents

1. The role of the chemical industry in France and in the world
« Contributions, jobs, risks, responsibilities, challenges

2. Basic elements of biogeochemistry and pollutant chemistry
3. Main sources of chemical pollution:

|.  Energy production (carbon cycle, greenhouse effect, fossil fuels, alternatives)
Il.  Industrial activities (synthetic materials, halogenated derivatives, metallurgy and TME)
lll.  Agricultural activities (fertilizers, pesticides, nitrogen and phosphorus cycles)

4. Sustainable development and challenges for the chemical industry and research

11
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1. The role of the chemical industry in
France and in the world

12
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“99% of the objects that surround us have passed through the hands of a

a) The place of chemistry in our society . R T ass ,
chemist at some point". Stéphane Barbati, Univ. Aix-Marseille, 2011

Upstream * Fuels
Supplier sector (petroleum e Elastomers, plastics, textiles
products, natural gas, . Soap; deterger‘lt.s
agricultural products) *  Fertilizers, pesticides
* Qils, fats
* Synthetic medicines
* Cosmetics, perfumes

Chemical a * Sweeteners
industry * Dyes, inks
* Paints, varnishes

*  Glues
* Explosives

Downstream
All industrial sectors * Transport, energy
Consumers * Clothing

* Housing, building
—— * Agriculture, food
* Hygiene, health
*  Culture, sports, leisure
* Communication, electronics

13
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“99% of the objects that surround us have passed through the hands of a

a) The place of chemistry in our society . R T ass ,
chemist at some point". Stéphane Barbati, Univ. Aix-Marseille, 2011

*  Muscular activity
* Nervous activity
* Digestion

Chemistry is involved in

AR * Breathing
life itself! «  Reproduction
e Taste
*  Smell...

* Transport, energy

* Clothing

* Housing, building

* Agriculture, food

* Hygiene, health

*  Culture, sports, leisure

* Communication, electronics

Chemistry is involved in
everyday life

14
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b) Classification of chemical industry activities

—012,2%
21 '1 % O Chimie minérale
Savons, parfums, 4.63{: Produits azo‘[és et fertilis.an’[s
produits d’entretien 3.8% dAuttl;es produits inorganiques
: e base

18 % Parfu;nste.'tl pT::DdU'LE' 2,7 % Gaz industriels

pour la toilette 1% Colorants et pi ts
3,1% Savons, détergents o -olorants € pigmen

et produits d'entretien Distribution of - Heavy

sales (%, 2020) chemicals
Parachemicals o— —0
/ Spécialités chimiques Chimie organique

9,1 % Produits chimigues 25.4% Produits

a usage industriel, organigues de base

supports de données 15,2 % Matiéres
6,6 % Peintures, vernis, . plastiques de base

encres, colles 2,2% Caoutchouc synthétique
2,4 % Produits -

phytopharmaceutiques
1,7 % Huiles essentielles
1% Explosifs 3 1 0/

/0
r
<
Chimie fine Pharmacy <
pharmaceutique

Fine chemicals

o———

-> Pharmaceutical industry
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c) The French chemical industry

e 7% in the world (after USA, Japon, Germany, China, UK...)
e 2"djn Europe (after Germany)
e 24 |argest industrial balance in France:

= 129 billions € in sales

= trade balance: + 9,5 billions € (81,5 export — 72 import)

= investments : 6,6 billions €
* 60% : plant maintenance and regulations (HSE...)
* 40% : business growth in France

= R&D : 1,9 billions € (14 577 people in R&D, including 7 663 researchers)
e 1stindustrial exporter in France (aghead of automotive,
electrical/electronic products, agri-food ind., aeronautics...)
® 4,000 companies, 94% of which are SMEs/VSEs

® 225,000 direct jobs and 700,000 indirect jobs
= 70% technicians, managers, supervisors
= 94% on permanent contracts

France Chimie 2022
16
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d) Risks and the chemical industry's public image

» Despite all the societal benefits of the chemical industry, it suffers from a poor public image, which is partly

justified:
o health and pollution issues, chemical wastes management, toxicity...
Alr pollution o Plastic pollution Chemical wastes Healthcare scandals
Toxiclty
Walter pollution GreenHousehold Gas Chemical weapons PFAS

Ecotoxicity

Non-renewable resources Fertilizers Pesticides ‘Eternal’ pollutants

Synthetic drugs

Exploxions Radioactive wastes
P Endocrine disruptors

Soil Accidents

S I blasn itis the solution!

Chemistry is part of the problem, but it is also part of the solution to climate change and others
environmental impacts (from World Economic Forum, Dec 6, 2021)

17
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e) The chemical industry's efforts to protect the environment

« Commitment and Progress » program (France, 1990)

< ; environmental protection
and risk management

Total investments in 2020 : 3.2 billions €

The chemical industry reduces its environmental footprint:
- 61% GHG emissions since 1990
- 52% NOx emissions since 2005
- 33% particulate matter emissions since 2005
- 79% P emissions into water since 2005 France Chimie 2018

CCUS (Carbon Capture, Use and Storage): cf. Chapter « Energy production and consumption »

18
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f) Challenges facing the chemical industry

o Although chemistry has reduced its impact on the environment in recent years, it needs to go further:

= reduce consumption of energy and non-renewable (NR) raw materials
= develop less stable and more specific molecules/materials
= reduce waste production and move away from the linear economy

H, production Ecodesign of
oreen 2F Electrocatalysis chemicals Saffe products

chemistry Chemistry in water

Biotechnologies Waste recycling

Click chemistry €O, reduction Catalysis at room

temperature  Circular economy Biodegradable chemicals

B : \
Biobased raw malterials Solvent recycling ccus Flows chemistry and materials
Enzyme catalysis Drug-specificity o
y Y Photocatalysis Biofuels Industrial ecology

We, chemists, with researchers of other disciplines, have the "cards in our hands" to develop eco-
responsible processes and produce these eco-compatible molecules/materialsin the near future

19
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2. Basic elements of biogeochemistry and
pollutant chemistry

20
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& : thermosphereh
* all areas of the Earth inhabited by and including living ] temperature
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70 4 -
Atmosphere : _ mesosphere

-troposphere : ~ 12 km altitude
-part of the strastosphere : up to 25 km altitude
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© Merriam-Webster, Inc.
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Biosphere

* all areas of the Earth inhabited by and including living
organisms (3 main compartments) :

pedospmre (100 M)

[Hhosehere
Atmosphere : erust (0-100 kim)
-troposphere : ~ 12 km altitude
-part of the strastosphere : up to 25 km altitude asthevosphere
Pedosphere (soil) : mante mesosphere
-zone of crumbled rock where life is located
-some tens of meters deep and sediments

outer core

Hydrosphere : core
-oceans and continental waters (lakes, wetlands...) Mver core
-10 km of depth

wildearthlab.com

22
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Biosphere

e all areas of the Earth inhabited by and including living
organisms (3 main compartments) :

Hydrosphere :
-oceans and continental waters (lakes, wetlands...)
-10 km of depth

23
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Biosphere

all areas of the Earth inhabited by and including living
organisms (3 main compartments) :

Atmosphere :
-troposphere : ~ 12 km altitude
-part of the strastosphere : up to 25 km altitude

Pedosphere (soil) :
-zone of crumbled rock where life is located
-some tens of meters deep and sediments

Hydrosphere :
-oceans and continental waters (lakes, wetlands...)

-10 km of depth

system characterized by a state of dynamic equilibrium resulting from

atmosphere

hydrosphere

living
organisms

o

pedosphere

complex interactions between biological and physico-chemical processes

24
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Biogeochemical cycles

« flow of matter between biosphere compartments ATMOSPHERE

Biogeochemistry @ @ @ @
* the science that studies the action of physicochemical

and biological factors on biogenic and non-biogenic
chemical substances as they circulate between the
various compartments of the biosphere SOIL OCEANS

Qﬁ | RIVERS @
material flow

Simple model of a biogeochemical cycle
. compartment or sub-compartment of the biosphere

containing part of the stock of a given substance

source or sink

25
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Distribution of a substance in the biosphere

* The distribution of a substance in the compartments of

the biosphere depends on its physico-chemical > air
properties
= Phase change temperatures H P
. I vap
1 Vapdilbdlin ngtents - H
pressure of the saturated gas phase above the liquid or solid phase
2. Solubility in water (hydrophilicity): K, Substance
solubility constant K
3. Solubility in fat (lipophilicity): K, / \5
distribution coefficient [octanol/water] Kow (Koc)
4. Adsorption on organic matter: K, soil water
distribution coefficient [C, ./ Water]
5. Adsorption on solid surface: K, T ‘
6. Solubility of gas in water: H;
Henry’s constant
Kads
* The physico-chemical properties of a substance depends on: All these constants depend on pressure and temperature

®»  the external environment

= jts structure!
- = Structure-activity relationships (SAR)

26
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Critical Reviews in Environmental Science and Technology, 45:1277-1377, 2015
Published with license by Taylor & Francis

ISSN: 1064-3389 print / 1547-6537 online

DOI: 10.1080/10643389.2014.955627

Prediction of the Fate of Organic Compounds
in the Environment From Their Molecular
Properties: A Review

LAURE MAMY,' DOMINIQUE PATUREAU,? ENRIQUE BARRIUSO,?
CAROLE BEDOS,? FABIENNE BESSAC,* XAVIER LOUCHART,’

FABRICE MARTIN-LAURENT,® CECILE MIEGE,” and PIERRE BENOIT?
'INRA-AgroParisTech, UMR 1402 ECOSYS (Ecologie Fonctionnelle et Ecotoxicologie des
Agroécosystemes), Versailles, France
°INRA, UR 0050 LBE (Laboratoire de Biotechnologie de I'Environnement), Narbonne, France
JINRA-AgroParisTech, UMR 1402 ECOSYS (Ecologie Fonctionnelle et Ecotoxicologie des
Agroécosystemes), Thiverval-Grignon, France
“Université de Toulouse — INPT, Ecole d’Ingénieurs de Purpan — UPS, IRSAMC, Laboratoire de
Chimie et Physique Quantiques — CNRS, UMR 5626, Toulouse, France
SINRA, UMR 1221 LISAH (Laboratoire d’étude des Interactions Sol - Agrosystéme —
Hydrosysteme), Monitpellier, France
OINRA, UMR 1347 Agroécologie, Dijon, France
"IRSTEA, UR MALY, Villeurbanne, France

A comprebensive review of quantitative structure-activity relation-
ships (QSAR) allowing the prediction of the fate of organic com-
pounds in the environment from their molecular properties was
done. The considered processes were water dissolution, dissociation,
volatilization, retention on soils and sediments (mainly adsorption
and desorption), degradation (biotic and abiotic), and absorp-
tion by plants. A total of 790 equations involving 686 structural
molecular descriptors are reported to estimate 90 environmental
parameters related to these processes. A significant number of equa-
tions was found for dissociation process (pK,), water dissolution or

hydrophobic bebavior (especially through the Kow parameter), ad-
sorption to soils and biodegradation. A lack of OSAR was observecd
to estimate desorption or potential of transfer to water. Among the
686 molecular descriptors, five were found to be dominant in the
790 collected equations and the most generic ones: four quantum-
chemical descriptors, the energy of the highest occupied molecular
orbital (Epouo) and the energy of the lowest unoccupied molec-
ular orbital (Epppo), polarizability (o) and dipole moment (),
and one constitutional descriptor, the molecular weight. Keeping
in mind that the combination of descriptors belonging to different
categories (constitutional, topological, quantum-chemical) led to
improve QSAR performances, these descriptors should be consid-
ered for the development of new QSAR, for further predictions of
environmental parameters. This review also allows finding of the
relevant QSAR equations to predict the fate of a wide diversity of
compounds in the environment.

e
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Biodegradability and persistence of chemicals = Structure-activity relationships (SAR)

* Biodegradability: a substance is said to be biodegradable if, under the action of /iving organisms (bacteria, fungi, algae...), it can
decompose into various elements that have no harmful effect on the natural environment.

Final biodegradability (OCDE) : > 60% in 28 days

* Persistence: the ability of substances to persist in the environment without alteration by physical, chemical or biological processes.
= jnorganic substances are in principle persistent

= organic compounds may be non-persistent, slightly persistent or very persistent (cf. POP = persistent organic pollutants)

¢l cafel Cl_Cl
Cl - Cl |
b A T
Cl Cl Cl Cl Cl
hexene octane isooctane toluene Lindane DichloroDiphénylITrichloroéthane DichloroDiphényldichloroEthylene
DDT DDE
- > +
unsaturated linear branched aromatic halogenated «  Metabolites of some persistent chemicals
compounds saturated saturated compounds compounds .
P P P may be persistent themselves.
alkanes alkanes

Comparative persistence of some organic compounds

28
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Persistent Organic Pollutants (POP)
Stockholm Convention : i_'
* Chemicals that: o [’,‘ Z'\ﬁ"\TT (PC;F;s) -
POHUTanis
= accumulate in living organisms, ' EC%LEEB c':“o/n\nugs%%
= are persistent in the environment, (2001) R
= are toxic, Aarhus PT;(;CSOI on POP
= can be mobile over long distances. ( )
Cl Cl Cl Cl Cl Cl
of o “ CICI CI\J ¢ CH, c,cl £ Za
Cl Cl @) Cl Clo~r CHs Cl
oC o 1L
Cl O Cl CH Cl Ie
cl Cl Cl ¢ g cl ’ c’ci ¢

Aldrine Dieldrine Endrine DDT Toxaphene Mirex

insecticide insecticide insecticide insecticide insecticide insecticide
ci_C cr Cl
cl o Cl Cl O A A —\ Cl
Cl cl cl S N o o | “Lci /N g3
Cly— P | P Cl, U N P \ /
o N Cl Cl 0 0 Clim =
Cl ¢l Cl ¢l o
Chlordane Heptachlore Hexachlorobenzene PCDD (dioxines) PCDF (furanes) PCB
insecticide insecticide fungicide incineration residues... incineration residues... plastic additives...
“The Dirty Dozen” (Stockholm Convention/Aarhus Protocol, 2003-2004) 29
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Persistent Organic Pollutants (POP)

( Stockholm Convention
° i . on persistent organic
Chemicals that: sollutants (POPS|

UNITED NATIONS

= accumulate in living organisms, ECONOMIC COMMISSION

= are persistent in the environment, (2001) R

= are toxic, Aarhus Protocol on POP

= can be mobile over long distances. (1998)

e cl o Br Br
Cl Cl o] Cl  Cla__~_LCl o) ¢
cl O X A Cl Cl
Br Br  Br,- | —Br,
Cler cl Cl . c” > e Z Z N N
cl Cl Cl Br Br
Chlordecone HCH (o,[3,y---) v-HCH (Lindane) hexabromobiphenyls Polybrominated diphenyl ethers  Pentachlorobenzene
insecticide insecticides insecticide flame retardant (PBDE) flame retardant fungicide
cl. Cl
O\\S/O Cl K FR FR F
-yt
O’ Cl F3CMSO3 X Cf. Dupont de Nemours (Teflon, « Dark Waters »)
F FF FF FF F
Cl Cl
Endosulfane Perfluorooctane sulfonic acid (PFOS)
insecticide Cf PFAS

Stockholm convention/Aarhus Protocol (2009/2011) 30
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Persistent Organic Pollutants (POP)

Stockholm Convention
*  Chemicals that: on persistent organi s
pollutants (POPs) UNITED NATIONS

= accumulate in living organisms, ECONOMIC COMMISSION

= are persistent in the environment, (2001) PRRSEITR
= are toxic, Aarhus Protocol on POP

= can be mobile over long distances. (1998)

cl Cl ClI Cl

Ex: benzo[a]pyrene Cl Cl § N
Cl)\(g/m Cly1- e,
n | _ _
Ccl  Cl E

Cl Cl xample
Polycyclic Aromatic Hydrocarbons PAH (HAP) Hexachlorobutadiene Polychlorinated naphtalenes Short-chain chlorinated paraffines
by-products of incomplete combustion industrial chemical additives, insulating agent (SCCP/PCCC)

metalworking fluids

07/2020 F FE FE F 06/2022 FFE F
FSCWCOO'X” F:ﬁMSO{W Other per/poly-fluoroalkylated substances
FFFFF F FFF FFF (PFAS)
luation i INERIS, ANSES, ECHA...
Perfluorooctanesulfonic acid (PFOA) Perfluorohexanesulfonic acid (PFHXS) — evaluation in progress ( )
PFAS : non-stick coatings (frying pans...), PFAS : technical clothing additives,
u-wave packaging foams, packaging...

Aarhus Protocol (2012-2022) 31
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Human impact on the environment

Man has become the determining factor in the biosphere. He is
transforming the environment through the development of:

* energy production and consumption,

* industrialization (1850),

* agriculture (food needs),

* infrastructures (roads, housing...).

Population size (billions)

16
15 High variant ,
14 ’
13
12
11
104 '—"t “Medium
9 ,',’,-_variant
2022 44T
8 8
7 7 Low variant
6 |
5 |
4 |
3 |
2 |
1 4
0 1 billion
1800 1900 2000 2100
Year

World population growth since 1800 and projections to 2100
Gilles Pison, Population & Sociétés, no. 604, INED, October 2022. Source : United Nations.

Associated environmental impacts (cf. LCA/ACV):

Climate
change

Ozone
depletion

Resource use,
mineral and metals

‘7

lonizing
radiation

Resource use,
fossils

Water Photochemical
use ozone formation
Land Particulate
use matter
Freshwater o
ecotoxicity —* Acidification
Terrestrial Human toxicity,
eutrophication non-cancer effects
Marine | Human toxicity,
eutrophication | cancer effects
Freshwater .
eutrophication Source: Enviroscope

|:> The main causes of chemical pollution:
* Energy production and consumption
* Industrial activities
* Agricultural activities 32
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3. Main sources of chemical pollution

|.  Energy production:

. carbon cycle, greenhouse effect, fossil fuels,
alternatives)

II. Industrial activities:

. synthetic materials, halogenated derivatives,
metallurgy, sulfur and TME cycles

IIl. Agricultural activities:

-  fertilizers, pesticides, nitrogen and phosphorus
cycles

33
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l. First cause of pollution: energy production and
consumption

The area of each pie chart is proportional to total annual
energy ption of the respective year.

1990 2000 2010 2020

maost recent data as of June 2023

Fossil Fuels
79.6%

Fossil Fuels
Fossil Fuels B82.1%

Fossil Fuels 81.1%

82.2%

Combustible

Combustible Combustible renewables +

Combustible

renewables + renewables + Waste + Other
vr\?:::ibg:,; Waste + Other Waste + Other 11.5%
12.1% 12.4% 11.6% (Iﬁow|carb°:; ,;uels
Low Carbon Fuels Low Carbon Fuels uclear + Hydro +
(ﬂ&iﬁcﬂﬁﬁ'i (Nuclear + Hydro + (Nuclear + Hydro + Wind + Solar +
Wind + Solar + Wind + Solar + Wind + Solar + Geothermal + Tidal)
Geothermal + Tidal) Geothermal + Tidal) Geothermal + Tidal) 8.9%
57% 6.5% 6.3%

Source : EIA 2022

34
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a. Primary energy consumption and production in France (2022)

0,8%
Non-renewable energy = 85.3%
m Coal
m Oil Fossil en. <47.3% Nuclear
M Renewable energy
Gas m Oil
Nuclear : W Gas Fossil en. < 1%
36,0% B Non-renewable wastes = Coal
: 71,5%
15,5% | mRenewable energies |
— 14.7%
2008 : total = 3152 TWh 2008 : total = 1593 TWh
2016 : total = 1547 TWh
2014 : total = 2977 TWh
2022 : total = 2482 TWh 2017 : total = 1535 TWh
: - 2022 : total = 1249 TWh
Consumption Production (50% of energy needs)

. . , . . . Source : SDES
Primary energy: whose source is available in nature without transformation

Renewable energy: regeneration > consumption: wind, solar, photovoltaic, geothermal, wood, renewable hydraulics, heat pumps, biofuels...

35
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b. Renewable primary energy production in France (2021)

2021 : total = 345 TWh

B Wood-energy
Renewable hydraulic (22.7% of total PE production in 2021)

Heat pumps

Wind

Biofuels

Biogas

Photovoltaic solar
Renewable wastes
Geothermal

Agric. + food industry res.

Thermal solar

Marine energies

. . , . . . Source : SDES
Primary energy: whose source is available in nature without transformation

Renewable energy: regeneration > consumption: wind, solar, photovoltaic, geothermal, wood, renewable hydraulics, heat pumps, biofuels...
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c. The carbon cycle

Fossil Fuels:
Oil » Coal » Gas

~

IPCC 2021 Chap.5
‘Climate change 2021’

"Carbon (CO,) Budget
1 PgC/yr =1 GtClyr

Atmosphere
591 +279+5

Average increase 5.1+ 0.02

Net land flux Net ocean flux
0.1 @ 1.9 34+09 1.5 16%0.7 94105 06 25106

. y

Ocean-atmosphere gas exchange
111.1 Total respiration and fire 25.6 54.6 23

j 113 Gross photosynthesis 29 54.0 25.5
2.5_’ 0.2 08

Rivers

Volcanism  Rock Export from Freshwater Net  Fossil fuels
weathering soils to land-use (Coal, oil, gas) :

rivers  Burial change = Cemen 40 %Ucré%%e

production - 27 275

@ Vegetation  Fossil

Permafrost Vegetation and soils fuels Sisseived 2.0
Flux: Billion tonnes of Carbon per year (PgClyr) 22%2% @ iamadials
™ Natural ™ Anthropogenic deg{)\% -
Stocks: Billion tonnes of Carbon (PgC) Coal Ol Gas Gcean floor 37,100
(Ostocks i Anthropogenic change Reserves sediment ‘ 0.2 +173 +23
.
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c. The carbon cycle

The emission of fossil carbon (long cycle) into the

atmosphere (short cycle) is an irreversible process on
a human scale...

...unless we can capture and store this carbon permanently
at a GtC/yr scale in the near future (cf. CCUS)!

Fossil Fuels:
Oil » Coal » Gas
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PARIS-SACLAY = Chimie (Mauna Loa, annual mean, Nov. 2023)
c. The carbon cycle Variation in atmospheric CO, content
Annual Increase of CO, at Mauna Loa
[T T T T T T | A A B | I ]
301 <@ @SRy .
360 T T T T T T T T T T : V UC SanDiego
3501 _ 25k =
E |
3401 H g |
3301 % 2.0 ]
E o CNFROL Aws (D88, Antariica) o
532'3 i o [ R, CH (Fwrocore, Groenland) 7] E 150 ]
6'310- o n:'_A_.U..\_L, J_rH 13) o _ 5 | T:u [ ]
) w LGGE F (D47, Antariica) a c I ]
300 . < 1o0r ]
O
290 - ©
0.5 E 2’
280 - g
270 .ol ]
900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 1960 1970 1980 1990 2000 2010 2020
Age (annees) Year
Compilation d'aprés JM. Barnola et J. Chappelaz (LGGE),
Sfrgure extraite et modifiée & partir du site
htip:www balzan it english pb 2001 dortus sintesi_htm
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c. The carbon cycle Variation in atmospheric CO, content

Atmospheric CO; at Mauna Loa Observatory Recent Monthly Mean CO; at Mauna Loa Observatory

r 1 424+ 1424.0 ppm (05/23)
420 Scripps Institution of Oceanography - I 1
I NOAA Global Monitoring Laboratory A ' 1 . 1 )
_ | . __ 422.5 ppm (11/23)
— 400} . _ I ]
= _ E a0l 1420.5 ppm (11/23)
a o ]
2 i 2 i
_E 380_— . .E 418_— ]
par] ] L
o ® -
= = 416_— 8
@ 360 b L I
o [=) L
£ £ 414_— 8
o) o |
340+ 4 I
© © a12f ]
3200 AR SRy 12 410 7Rk
_ UC SanDiego V [ V |
L M L A L - L A - L A L A L il A L M L A L L A o 408 L L L L 1 L L L L " L L L L " L 1 L L " L o
1960 1970 1980 1990 2000 2010 2020 2019 2020 2021 2022 2023 2024
Year Year
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c. The carbon cycle Yes, the increase in CO, in the air is the result of human activity!
[13¢] Fossil fuel -1000 -28
e fossil fuels (8.5 GtC/yr) (:ﬂgz)ech oITHER
e Land use (1,5 GtC/yr) 8tiC = Ty~ 1| x1000 Biomass +45 -26
L1 )std
* cement (1 GtC/yr) ( LC-) Hydrosphere +45 -10
Atmosphere +45 -8

) ) ) Concentration and isotopic composition of atmospheric carbon dioxide
Clean Air Measurements at Niwot Ridge, Colorado B

7 1.¢) ORRCRE L  CRA ' T 60 E
805 ] ' ' ] g 5 ‘ 5 5 F ,E, The decrease in the
] = 380 | & ratio of the carbon-13
f ] ,§ * T {55 ¥ isotope (8C) that
Z 70F E ® 360 ] §  accompanies
& ] g | : 170 £  increasing CO;
o ] £ 0T s (ppm) ‘ & trends show that the
T 60f ] S | 2 i | & fossil fuel
: ] 5. b — ¢ (permil | |, &  sources are fossil fue
g ] S 320§ ; i 177 o and land-use change.
é - £ [ g H \:
8 50F . Y 300} : Y o B
(o] } i w
F LTt e WP ey | Y~ I | 2
& ] | . i k 85
e 2004 <00p 2008 2010 1000 1200 1400 1600 1800 2000

time @ Copyright CSIRO Australia

Year
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GreenHouse Gases (GHG)

c. The carbon cycle

Global net anthropogenic emissions have continued to rise across all major groups of greenhouse gases.

Gas (not Atm. content AF (GWP/PRG a. Global net anthropogenic GHG emissions 1990-2019 %
including H,0) (2018) @ 100 years)* 386Gt a6t 536t 59Gt 59+ 6.6 Gt I Fluorinated
o +0.7% yr +2.1% yr +1.3% yr 2% gases (F-gases)
co, 409 ppm 1 _ = I Nitrous
CH, 1,86 ppm 30 % 50 oxide (N,0)
N,O 331 ppb 265 &
- Meth CH,4
O, tropospheric 50 ppb - g 405 ethane (CH)
R11 (CCI5F) 232 ppt 5,160 2 . BB I Netlcozdfrom land
@ use, land use
R12 (CCI,F,) 522 ppt 10,300 £ change, forestry
SF 11 ppt 22,800 o 20 (CO,LULUCF)
(&)
10 B0 I CO; from fossil
% . . . fuel and industry
GWP : Global Warming Potential 0 (COFFI)

PRG : Potentiel de Réchauffement Global 1990 2000 2010 2019 2019
Bold: highly stable

b. Global anthropogenic GHG emissions and uncertainties by gas - relative to 1990

CO,FFI CO,LULUCF CH, N0 F-gases
250 500 -
2019 1990-2019 Emissions
~ 200 400 emissions increase in 2019,
=2 (GtCOz-eq) (GtCOz-eq) relative
£ 150 300 to 1990 (%)
3 —.A,IWU _ CO; FFI 38+3 15 167
5 100 200 CO; LULUCF 6.6x4.6 1.6 133
% CHa 1M+32 24 129
50 100 N,0 27:16 065 133
0 0 F-gases 1.4£0.41 0.97 354
I 1 1 I 1
1990 2019 1990 2019 1990 2019 1990 2019 1990 2019 Total 59:66 2 154
IPCC AR6 WGIII The solid line indicates central estimate of emissions trends. The shaded area indicates the uncertainty range.
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c. The carbon cycle

Change in effective radiative forcing from 1750 to 2019

Carbon dioxide

Other well-mixed
greenhouse gases

Ozone

Stratospheric
water vapour

Albedo

Contrails & aviation-
induced cirrus

Aerosols
Total anthropogenic

Solar

T T T T

GreenHouse Gases (GHG)

Land use

show and ice

Light absorbing particles on

Aerosol-cloud Aerosol-radiation

0 1 2
Effective radiative forcing (W m’z)

T T T T T T T T T T T T T T T T

-

ERF (Wm™2)

2.16 [1.90 to 2.41]
0.54 [0.43 to 0.65]
0.21 [0.18 to 0.24]
0.47 [0.24 t0 0.71]

0.05 [0.00 to 0.10]

-0.20 [-0.30 to -0.10]

0.08 [0.00 to 0.18]
0.06 [0.02 to 0.10)
-0.22 [-0.47 to 0.04]

-0.84 [-1.45 to -0.25]

2.72 [1.96 to 3.48]

-0.02 [-0.08 to 0.06]

IPCC AR6 WGIII
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c. The carbon cycle https://www.ipcc.ch/report/ar6/syr/figures
Global surface temperature change Every tonne of CO, emissions adds to global warming
relative to 1850-1900 Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCO,)
°C5 _ | 0
§ very high SSP5-8.5 5
shading represents the
. SSP5-8.5
4 uncertainty ranges for hiah SSP3-7.0 . —
the low and high ’ e
emissions scenarios CO, emissions and global SSP2-4.5
3 warming for five illustrative
intermediate  SSP2-4.5 2 FETHESEHIRN RS0 SSP1-26
SSP1-1.9 L
2 low SSP1-2.6 15
very low SSP1-1.9
1
,L 2011-2020 was :
around 1.1°C warmer Historical global
0 than 1850-1900 o L
1 Cumulative CO, emissions since 1850
- 0
1950 2000 2015 2050 2100 2000 3000 4000 4500 GtCO,

SSPx-y: Shared Socio-economic Pathway x; y = radiative forcing (W/m?)
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c. The carbon cycle https://www.ipcc.ch/report/ar6/syr/figures

a) Feasibility of climate responses and adaptation, and potential of mitigation options in the near-term

options costing 100 USD tCO.-eq or
f less could rediice global emissions b
at least half of the 2019 level by 2030

Climate responses and 2 2 8 S
adantation options 52& | 5<& Mitigation options  potential contribution to
p p Bo o SEE= net emission reduction, 2030 &® GtCO2-eq/lyr
sES ASE 0 | 2 3 4 5
- Solar I
&
> diversification, access, stability Reduce methane from coal, oil and gas R |
O - . & (F
E Resilient power systems u - Bioelectricity (includes BECCS) -
(TT] Improve water use efficiency - Geothermal and hydropower -
Nuclear N
Fossil Carbon Capture and Storage (CCS) I
o o
8 Efficient livestock systems n
(5
o Improved cropland management n n Reduce conversion of natural ecosystems ]
= Water use efficiency and water
'<§_t resource m):anagement “ n Carbon sequestration in agriculture . 490909 |
. Biodiversity management and Ecosystem restoration,
% ecosystem connectivity - n afforesta ion, reforestation D |
< Agroforestry - n Shift to sustainable healthy diets
-leiailiahle e e sl A i n - Improved sustainable forest management |

Forest-based adaptation u n Reduce methane and N,O in agriculture )
Integrated coastal zone management n

Coastal defence and hardening n g

assessed

Reduce food loss and food waste
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c. The carbon cycle https://www.ipcc.ch/report/ar6/syr/figures

% % _ Efficient buildings —
v 5 STl e 1 5 (2 e - Fuel efficient vehicles I
< =) Sustainable land use and urban planning -- Electric vehicles
sk G infrastruct d Efficient lighting, appliances
4 o tosyatom sorvces ol I and equipment _|R—
E ; Y Public transport and bicycling I
= Biofuels for transport -
- Efficient shipping and aviation |
~ : . .
— Enhanced health services Avoid demand for energy services I
< (e.g. WASH, nutrition and diets) - “ O 9y
T nsite renewables [
8 E Risk spreading and sharing E Fuel switching I
o
% % Social safety nets ; Reduce emission of fluorinated gas I |
E e CIimEatei s\%vicgs, insclutding % Energy efficiency
-0 ] = e Material efficiency  |EEG—_—
>Z Disaster risk management n - % Reduce methane from g
5 Human miaration - & waste/wastewater
o g 8 Construction materials substitution Il

Planned relocation and resettlement = Enhanced recycling

brafnzddmeisim | - | - utilisagon (CCO) and s B
Feasibility level and synergies Confidence level in potential feasibility Net lifetime cost of options:
with mitigation and in synergies with mitigation - Costs are lower than the reference - 50-100 (USD per tCOz-eq)
Hl High [ Medium Low eee High  ee Medium * Low 0-20 (USD per tC0:-eq) B 100-200 (USD per tCOz-eq)
Insufficient evidence - 20-50 (USD per tC0z-eq) Cost not allocated due to high

variability or lack of data 46
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d. Natural Gas The “cleanest” of fossil fuels - VOC (volatile organic compounds)/COV

O A i Worldwide proven gas reserves: 1999, 2009, 2019 (%)
L] Nbrth América BP Statistical Review of World Energy 2020
m CIS
W Africa
Asia Pacific
M Europe
Components %
CH, 90
C,H, 5
C.H, 1
2019
Caflio 0.2 Total 198.8
N, 2,2 2009 trillion cubic
o, 1.4 Total 170.5 metres
1999 trillion cubic
Total 132.8 metres
l cracking trillion cubic
metres
Hzc:CHz
CHs
H,C=C
H

World consumption (2022) = 4,037 Gm*> = 50 yr... at least!
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d. Natural Gas

S101©)]
Global Monthly Mean CHs GLOBAL METHANE BUDGET 2008-2017 o= e
1900} ] TOTAL EMIZSIONS TOTAL SINKS
g 1850 Battom-up Top-dawn 625 556
e wiew (ELI)  wiew (TE P-4 (500-798){500-574)
-2 18001 1 ¥ 3] f ™y
..'LELJ 128 11 30 30 145 181 222 7 5495 518 30 35
% 1750} 113=154) [B1=131 (26=400 (22-36) (102=1H2) (155=-2000 (143=308]1 [2=500 [489-F45) @r4=532 (11-45) (27-45)
£
5 1700+ ]
1650 4 )
<
19§D ZDhD ZDIID ZDIZD Sink from
Year ‘ i Chimical reactiong
o ; % Im Ehe abmosphesie
Rgcent Globall Monthly Melan CHy B - ]
1920+
) 19101 1 ol T 3 T i VL Weetlands Ura Sink im soils
? 1900+
E 1890
% 1880+
5
1870 4 ‘
@ Anthropogenic sources of methane: 1-coal mines, natural gas, oil industry, 2-
1860 14 . . . . o
__ . . - = 1 livestock (rumination/excrements), 3-domestic waste landfills/waste treatment, 4-
Year biomass combustion, 5-rice plants, 6-biofuels.
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d. Natural Gas

Methane decomposition in the troposphere Other VOCs: non-methane hydrocarbons (NMHCQ)
CH, CH,O _
+ OH- Arbres (isoprene, terpenes) 600... 1200
‘l‘ -H,0 Venicules 30... 50
CH3° +hv Solvants 10... 20

l+02 “H,

o : “he /l‘\/
+ NO -HO, =
| 7o co

CH,0 + OH:
l+02 -h a-Pinene  B-Pinene Limonene Isoprene

= H02

CH,O Co,
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e. Coal The dirtiest and most inconvenient fuel!

« Devastating and dangerous extraction

+ Difficult and expensive to transport

« Average sulfur content = 0.4 to 2%

« Combustion efficiency: depends on coal quality

« Coal combustion releases CO, and CO (toxic)

« Coal contains nitrogenous impurities (nitrates, nitrites, ammoniac)

o, 1/2 O, H,O
Sulfides (FeS,) —A> SO, ——» SO;3 ——» H,SO,4

Coal Heat capacity Sulfuric acid
quality & 5 0 N (MJ/kg) acid rain
; (0] (@) H,O
Wood* Nitrogenous 2 2 2
00 50 6 43 1 11.7 cg y NO" NO, HNO,
. acid rain
Lignite 69 5 25 1 25
Hard coal 88 5  5-15 1 35 .
Coal combustion releases SO, and NO,
Anthracite 95 2-3  2-3  traces 37
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e. Coal

Asia Pacific Worldwide proven coal reserves: 1999, 2009, 2019 (%)

B North America
B CIS BP Statistical Review of World Energy 2020

B Europe

B Middle East

B S. & Cent. America
2.0 1513

347

1069 Gt
(2019)

1058 Gt
(1999)

World consumption (2019) = 5.5 Gt my 200 yr...
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f. Oil “Liquid fuels”
» Mixture of hydrocarbons (HC): e Uses (France, 2019)
o aliphatic HC o petrochemicals: 18%
o aromatic HC (BTEX) o energy production : 82%
o heterocyclic HC o Various fuels (oil refineries: distillation, cracking, reforming)
o organic impurities
o mineral impurities (including heavy metals)

Molecule
size
© © (5_ Gas C,-C, Gas engine
pZ

Gasoline  Ci-Cp, Gasoline engine
Benzene, toluene, ethylbenzene, xylenes
5 o Kerosene C;,-Ci¢ Plane engine
Z/N\§ (Nj [ ] [N] Diesel Ci6-Cis Diesel engine
H , H , © H _ Lubricant  C;4-C,, lubricating oils
Pyrrole, piperidine, dioxane, morpholine
Wax Cy5-Cho Candles, wax paper
Asphalt > Cyo Asphalt, tar
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f.

oil

extraction (soil and marine pollution, CH, release)

transport (oil spills, deballasting)

air pollution due to internal combustion engine use:
improved octane rating: Pb(Et), — BTEX (CMR)

Pollutant Level, ppm by volume

particulate matter (PMx), HAP (diesel)
exhaust gases : unburned HC, CO, NO,

0.5

0.4

03

0.2

0.1

catalytic converters L CO.+H-0+N
2 2 2

parasitic reaction: 2 NO + CO — N,O + CO,

Non-methane hydrocarbons

Aldehydes
b .‘U'..'..
B
NOz ..‘ 'o..
M, o - *s
No \:. ."‘T- \ - T - G ..'0
\._ p— 8o @ A e,
-_ — 's‘. .'“‘0. '?‘ OXidanl ‘5 "a.
T PPRRTTTT LU 34 | L4 "u, S '.'0. o
ccccccccccccccc 1" “ll,.lllll'llll0."“..!!!""..‘!;._'."'fl..“‘
-.-.-.---’\""—‘.ﬂ, R ....
| | | | |
] 4 am 8 am Noon 4 pm 8 pm M
Time of Day

Environmental impacts

http://mtweb.mtsu.edu/nchong/Smog-Atm1.htm

1.
2.

o

Overall NO, pollution (Europe, 2019) esa - space in images

automobile traffic (HC + NO" + &NO,)
sunrise (AL <420 nm):

HC + NO + 02 — COV + PAN + N02
NOZI — O + NO
O + O, — O3 (tropospheric ozone peak)
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£ Oil Environmental impacts

Polycyclic Aromatic Hydrocarbons (PAH/HAP)

IO ‘ .O « Pyrolysis or incomplete combustion of organic matter:
g O o incineration of agricultural waste

naphthalens acenaphthylene Acenaphthene Fluoreae o combustion of wood, coal, household waste (incinerators...)

o diesel engines
6 O OO o cigarette combustion, food cooking
Q OO O « Characteristics:
Pyrene

a
O
&
g
>

26
0
s

Anthracene

Phenanthrene Fluoranthene o in+or- Complex mixtures
o hundreds of PAHs and PAH derivatives exist
é C_ O o biodegraded (slowly) in surface soil layers
OO Q O O”Q o inwater, most PAHs are adsorbed to sediments

« Toxicity (poorly understood/mixtures):

g

Benzo(a)anthracene Chrysene Benzo(b)fluoranthene . . ; . .
o systemic effects (hepatic, hematological, immunological,
C Q atherosclerosis, etc)
'?O‘ OCQ C@Q Q o CMR effects

Benzo(k)fluoranthene Benzo(a)pyrene Dibenzo(a,h)anthracene

sollios
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f. Oil
Worldwide proven oil reserves: 1999, 2009, 2019 (%)

B Middle East BP Statistical Review of World Energy 2020
B S. & Cent. America
B North America
H CIS
W Africa Gb = billions of oil barrels
Asia Pacific
B Europe

2019
Total 1733.9

thousand million
barrels

2009
Total 1531.8

thousand million

Total 1277.1 barrels

thousand million
barrels

World consumption (2021) = 35.4 Gb/yr (180,000 L/s!) ==y 50 yr... at least!
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g. Potential alternatives

No single or simple solutions to reach sustainable energy goals
Energy-related CO, emissions and reductions in the Sustainable Development Scenario by source
Current Trends
GtCco, 40
Stated Policies Scenario
Industrial electric motors
uildings
Li%w;irndustry Efficiency
30
Wind
ISB?;?;;\s/transport ] Renewables
20 '
. .IFl/arT_rir\/;:hi'l‘< I Fuel SWitChl CCUS
EHT —
10 . Resgurce efﬁciengy
1. Biofuels
2. Fuel cells (H,)
- T l - 1 3. CCUS
2010 2020 2030 2040 2050

A host of policies and technologies will be needed across every sector to keep climate targets within reach, and
further technology innovation will be essential to aid the pursuit of a 1.5°C stabilisation

IEA 2020. All rights reserved. Iea
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0]

g. Potential alternatives 1. Biofuels O)L%
< 1st generation biofuels (3 types) : 5 o
= biodiesel mo( Wf%

o oilseed crops (colza, tournesol, soja) = HVP (pure plant oil) and EMHV (vegetable oil methyl ester)
» bioethanol

o fermentation of sugar beet, sugar cane or wheat/corn — ethanol and ETBE (ethyl tert-butylether) l 3 MeOH
= biomethane

vegetable oil (triglyceride)

o from biogas _OH \’/ \/Oj< 0 OH
\M%ko/ *
®» Not a convincing LCA at all! ethanol Iso-butene ETBE OH OH
EMHV glycerine

< 2nd generation biofuels
= use of agricultural (straw) or forestry residues
» use of dedicated non-food crops (coppice)

< 3 generation biofuels

= use of sugar- or fatty acid-rich microalgae ® C from biomass : GWP ~0

< 4t generation biofuels
» synthetic biology of cyanobacteria and algae

57




®: :
un|Vers|té GRADUATE SCHOOL
PARIS-SACLAY = Chimie

g.

Potential alternatives

Advantages:

o no pollutant emissions
Disavantages:

o high cost

o large storage volume

o flammability of dihydrogen

2. Fuel cells (hydrogene)

Non-renewable : >99% | +——
H, production (2021, EIA)

48% : natural gas steam reforming

28% : hydrocarbons reforming

23% : coal gasification
0,04% : water electrolysis

< 1% : biomethane reforming!

Renewable : < 1% | «—

Volumetric energy density of various fuels

Energy Density in GJ/m?

The many colours of hydrogen

Steam
Brown/Black Coal reforming or Hy + CO;3 released)
gasification
. Naturally H
White N/A occurring 2
Steam
Grey Natural Gas reforming Hy + CO3 released)
Steam Hy +CO;3 (g
Blue Natural Gas .
. reforming captured and stored)
. Turquoise Natural Gas Pyrolysis Hy + C ol
Nuclear Catalytic
. Red Power splitting Hy+0,
. Nuclear .
H, +0O
. Purple/Pink Power Electrolysis 210,
Yellow Solar Power Electrolysis Hy+05
Renewable .
. Green Electricity Electrolysis Hy+05
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3. CCUS

Carbon Capture, Utilisation, and Storage

g. Potential alternatives

Industrial CO, sequestration involves 3 stages:

« CO, capture at the main industrial emission sources (power plants, cement works, refineries, steelworks...)
« CO, transport by pipeline or ship (supercritic CO,)
« CO, storage in a confined environment
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3. CCUS

g- Potential alternatives Carbon Capture, Utilisation, and Storage

Industrial CO, sequestration involves 3 stages:

« CO, capture at the main industrial emission sources (power plants, cement works, refineries, steelworks...)

1- post-combustion (for older plants)

air extraction with HOCH,CH,NH,...

| D

energy Co, chimney gas
production separation (NO,, N,, HC)

l l
energy Co, — | |

fuel —
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3. CCUS

Carbon Capture, Utilisation, and Storage

g. Potential alternatives

Industrial CO, sequestration involves 3 stages:

« CO, capture at the main industrial emission sources (power plants, cement works, refineries, steelworks...)

2- pre-combustion (for new plants)

air
. = I
air/O, 2 ' :
energy chimney gas
l production N,, O,, H,0
coal, gasification co, l
gas, fuel, — r-eforming. separation energy
biomass (partial oxydation) l
; co, | el
CO,, N,, H,
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3. CCUS

Carbon Capture, Utilisation, and Storage

g. Potential alternatives

Industrial CO, sequestration involves 3 stages:

« CO, capture at the main industrial emission sources (power plants, cement works, refineries, steelworks...)

3- oxy-combustion (for new plants)

,—' energy

coal,
energy
> — ! 0,
g:':\s, fuel Erai CO, (> 90% pure)
biomass
¥ '
— 0, storage
air — 0O, separation —> chimney gas N,
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3. CCUS

Carbon Capture, Utilisation, and Storage

g. Potential alternatives

Industrial CO, sequestration involves 3 stages:

« CO, capture at the main industrial emission sources (power plants, cement works, refineries, steelworks...)
« CO, transport by pipeline or ship (supercritic CO,)
« (O, storage in a confined environment

The separated CO, is compressed and therefore liquefied to facilitate transport (expensive in energy!)
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3. CCUS

Carbon Capture, Utilisation, and Storage

g. Potential alternatives

Industrial CO, sequestration involves 3 stages:

« CO, capture at the main industrial emission sources (power plants, cement works, refineries, steelworks...)
« CO, transport by pipeline or ship (supercritic CO,)
« CO, storage in a confined environment

« deep saline aquifers (largest storage capacities)
« old oil and gas fields (improved oilfield productivity)
« deep, unmineable coal seams (exploitation of natural gas trapped in these structures)

Injection de COz Eutraction de petroke

Many research programs
funded mainly by oil
companies

Questions under study:
« Isiteconomically feasible to bear the cost of CO,
capture and storage (which consumes 10-20% of fuel)?

« What about natural resource management?
« Is geological storage of CO, sustainable over thousands years?
« future uses: CO, reduction (to CH;0H...)? 64
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Il. Second cause of pollution: industrial activities

1. Synthetic materials
2. Halogenated derivatives
3. Metallurgy
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Rubber and elastomers - Plastics - Synthetic textiles

1. Synthetic materials

- 2 types of plastic: ¥~ crosslinking

o thermoplastic = linear polymer that melts gradually and can be
reformed (e.g. polyethylene) — recyclable

o thermosetting plastic = three-dimensional network polymer or

—eee— —eeeeee—

thermoset that can no longer be softened (e.g. bakelite) = non- Mechanical Chemical conversion
rec clable conversion (irreversible)
(reversible)
« World pl’OdUCtiOﬂ (2021 ) Total converter demand = 57,2 Mt (Europe, 2021)

8.3 PACKAGING BUILDING & CONSTRUCTION AUTOMOTIVE

390.7 mt

in 2021
12.4 t/s!

ELECTRICAL
& ELECTRONIC

7%

PlasticEurope Market Research Group
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Rubber and elastomers - Plastics - Synthetic textiles

1. Synthetic materials

 Plastic demand by pOlymer typeS (201 7) ABS  :acrylonitrile butadiene styrene

EPS  :expandable polystyrene

LLD linear low density

MD : medium density

PBT  :polybutylene terephtalate O%%O O
PC : polycarbonate }-@-«

: polymethyl methacrylate

Food packaging, sweet and
n snack wrappers, hinged caps, PP
microwave untmnvrra, pipes, 19.30/0
automotive parts,
bank notes, etc.

FF Q
OTHERS >\ o

19%
-|-O o
Hub caps (ABS); optical fibres (PBT); eyeglasses

S n
lenses, roofing sheets (PC); touch screens
(PMMA); cable coating in telecommunications
(PTFE); and many others in aerospace, medical
implants, surgical devices, membranes, valves
. Reusable bags, trays and F S '
- - & seals, protective coatings, etc.

PE-HD Toys, (PE-HD, PE-MD), milk bottles, P N
PE-M D shampoo bottles, pipes, houseware

12.3% (PE-HD), etc.

Window frames, profiles, floor and wall A o4-
covering, pipes, cable insulation, garden A y % PUR Building insulation, pillows and mattresses,
n hoses, inflatable pools, etc. 1685497, 2 ; 7-70/0 insulating foams for fridges, etc. N NH /_/
- 2 » A\'

Eyeglasses frames, plastic cups,
egg trays (PS); packaging, building n
insulation (EPS), etc.

containers, agricultural film
(PE-LD), food packaging film
(PE-LLD), etc.

I

o
O

Bottles for water, soft drinks, P ET

juices, cleaners, etc. /'_/A

n PlasticEurope Market Research Group
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Rubber and elastomers - Plastics - Synthetic textiles

1. Synthetic materials

Plastic additives:

Not only does the synthesis of plastics involve the use of toxic or
CMR substrates (BPA, HCHO, phenol, phosgene, ethylene glycol...)
or catalysts (CrOs...), but plastics also contain numerous additives.

H O
N
X X
R+ | R
= =
N-phényl-B-naphtylamine diphénylketone derivatives

stabilizing agents (antioxydant and anti-UV agents, heat stabilizers)

NH, OH _
N=N-—Ar -alr

-surfactants, soaps
HO45S SOH -CFCs prohibited
"azo" compounds

dyes foaming agents

7 N\ — Cl,
Ol N\ // polychlorinated biphenyls

n

PCB

-toxic, POP
-209 different PCBs!
-manufacture/use banned in France since 1987

COOR R =Bu : DBP
©i R = CH2CH20CH3: DMEP

COOR R = CH,CH(Et)Bu : DOP

Phtalates
-less toxic, but less efficient

O
OR Succinates
ROM( -biosourced
O

plasticizing agents
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Rubber and elastomers - Plastics - Synthetic textiles

1. Synthetic materials

DOMESTIC

SOURCES OF MICROPLASTICS F Y
P—

« Main drawbacks of plastics: contamination of 7
o Macro/micro/nano-plastic waste (non-biodegradable) =) : . & 2% UP\
— the entire food chain  u ‘\
o Combustion: release CO,, HCl... ) e . o]
o Flammable materials (except those containing halogens...) Ingestion of . 5 ) ( D \ jé |
o Inocuity (release of toxic monomers, additives...) 5 g/person/week! y \/ 4 N

: n
Most Plastic Products Release Estrogenic Chemicals: A Potential Health = X |

Problem that Can Be Solved
Chun Z. Yang," Stuart I. Yaniger,? V. Craig Jordan,? Daniel J. Klein,? and George D. Bittner'24

TCertiChem Inc., Austin, Texas, USA; 2PlastiPure Inc., Austin, Texas, USA; 3Lombardi Comprehensive Cancer Center, Georgetown foe
University Medical Center, Washington, DC, USA; 4Neurobiology Section, School of Biology, University of Texas, Austin, Texas, USA ROUTES OF CONTAM'NAT'OS
WATER

RESULTS: Almost all commercially available plastic products we sampled—independent of the type
of resin, product, or retail source—leached chemicals having reliably detectable EA, including those
advertised as BPA free. In some cases, BPA-free products released chemicals having more EA than ©

did BPA-containing products. o

CONCLUSIONS: Many plastic products are mischaracterized as being FA free if extracted with only o oeers |
one solvent and not exposed to[common-use stresses] However, we can identify existing compounds, T
or have developed, monomers, additives, or processing agents that have no detectable EA and have i e o
similar costs. Hence, our data suggest that EA-free plastic products exposed to common-use stresses

and extracted by saline and ethanol solvents could be cost-effectively made on a commercial scale imww
and thereby eliminate a potential health risk posed by most currently available plastic products that e
leach chemicals having EA into food products.

£ 2919 Mo f e 210 st e i 0¢ Comn

EA : estrogenic activity — BPA : bisphenol A Environmental Health Perspectives 2011, 719,989 Food Additives and Contaminants 2019, 36, 639 ¢q
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Rubber and elastomers - Plastics - Synthetic textiles

1. Synthetic materials

« Main drawba_cks of plastics: ' contamination of SOURCES omeiﬁ?PLASTICS .‘A
o Macro/micro/nano-plastic waste (non-biodegradable) =) the entire food chain \ & ' 4/’\
o Combustion: release CO,, HCl... V - ]
o Flammable materials (except those containing halogens...) Ingestion of ; ﬂ\ &) /J\ @ jé PN
o Inocuity (release of toxic monomers, additives...) 5 g/person/week! ’ | \/ A 1 -i
| £ - sy o L8
Rapid single-particle chemical imaging of nanoplastics by SRS "
microscopy
Naixin Qian®“&! Xin Gao® ¥, Xiaogi Lang?, Huiping Dengb, Teodora Maria Bratu®, Qixuan Chen®, Phoebe Stapletond , Beizhan Yan®’
and Wei Min®®!

ROUTES OFAC.ONTAMINATIO
Edited by Eric O. Potma, University of Califarnia, Irvine, CA; received January 11, 2023; accepted October 24, 2023 by Editorial Board Member WATER
Shaul Mukamel

Plastics are now omnipresent in our daily lives. The existence of microplastics (1 pm &

to 5 mm in length) and possibly even nanoplastics (<1 pm) has recently raised health CONTAMINATION.OF THE Foon-clhin
concerns. In particular, nanoplastics are believed to be more toxic since their smaller
size renders them much more amenable, compared to microplastics, to enter the human

BOTTLED WATER

body. However, detecting nanoplastics imposes tremendous analytical challenges on both 240,000 s A

the qanz—ll.evel sensitivity and thei plast1c—1den'f1fymg specificity, leading to a knowledge partic Jos/| OF S WSS - B couscens vy
gap in this mysterious nanoworld surrounding us. To address these challenges, we oy

developed a hyperspectral stimulated Raman scattering (SRS) imaging platform with bottled water! ‘ i ’

an automated plastic identification algorithm that allows micro-nano plastic analysis at

the single-particle level with high chemical specificity and throughput. We first validated

the sensitivity enhancement of the narrow band of SRS to enable high-speed single

nanoplastic detection below 100 nm. We then devised a data-driven spectral matching .

algorithm to address spectral identification challenges imposed by sensitive narrow-band epgggo/gg;gfad S¢. 2024, 721,
hyperspectral imaging and achieve robust determination of common plastic polymers. Food Additives and Contaminants 2019, 36, 639

BBV CANNED SARDINLS

POULTRY AN
- SEA SALT F .
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Rubber and elastomers - Plastics - Synthetic textiles

1. Synthetic materials
System

entropy
 Plastics recycling: t

CO, + H,0

4 energy recovery

s A

combustion

Fuels (CO, H,)

ry

Entropic aspects of the life cycle of conventional

plastics (very brief, purely qualitative diagram, Oil distillation fuel production
based on Duval, 2004) 1
Napht chemical recycling
aphta =
‘ SRy composting
chemistry
death and
anaerobic PLA chemical recycling
fermentation *|_Monomers ¢
polymerisation
. . PHA physical recycling
PLA: polylactic acid bio-plastics »  Polymers [«
PHA: polyhydroxyalcanoate P re-use
P implementation re-employment Used obi ‘ ’
LCA not totally convincing! P I sed objects | ‘waste’ or not
»  Objects - f
aging

—| Biomass
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Rubber and elastomers - Plastics - Synthetic textiles

1. Synthetic materials

+ Plastics recycling (only thermoplastic polymers are recyclable):

23

Landfill

=
e

Il
29.5 i

in 2020

Europe

35+

Recycling

42,
Energy
recovery

via MIXED 'I 5 '|4 via SEPARATE
Mt °

waste collection Mt waste collection

5., I
Recycling
65.
57 Recycling
Energy
recovery
38/ recovery

Landfill

Lcndflll

M PE (waste containers, drainage pipes, bags...)
M PP (packaging, bottles, automotive sector...)
d PS (hangers, flower pots, yoghurt pots)

M PET (fleece, carpets, tennis balls...)

i PVC (swimming pool linings, shoe soles, coated
fabrics...)

Energy recovery (GJ/ton)
| | | |

PE F—F——————F————F—————
I | |
coal #

0 10 20 10 40 50

High calorific value: suitable for incineration
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Rubber and elastomers - Plastics - Synthetic textiles

1. Synthetic materials

+ Plastics recycling (only thermoplastic polymers are recyclable):

2006-2020 EVOLUTION

2030 PPWD target: 65%*

recyciing [ +no-

2020 EU average post-consumer
plastics packaging recycling rate: 46%'
= / re \ - +76
Energy recovery . 76 Netherlands H&H:353

i 8.2 Germany B3
Landfill l -57% 2006-2020 Czech Republic EH33
7.2 v italy RS

Norway JEEES
Sweden X3

6.2/ :
. ° : \ 16— ) Estonio E¥E3
N;B Recycling 63// . 2006-2020 sonic [
./ . { : Ll Romania ¥
0.1 Sl kio BEEES
., Slg\\:gm; 44%

| Portugal VS
Luxembourg G

CAGR: 5.4% Belgium EEES
7:5 T United Kingdom [IEZ3
? spain B3

(&)}

N\

Landfill

® Switzerland i3

Lithuania k3 Récycling

o/ 4
4.6 i Cyprus [EiES
/5] Energy recovery Bulgaria JEEA
i 4.2 Austria |3

i Denmark g3

39/1 Poland I3
. Croatia JE&E3
'y 3.5 Malta 3

o

: 3;4 3.3 4 Greece T3
TS=—. 2006-2020 s
CAGR: =5.9% Finland e
2006 2008 2010 2012 2014 2016 2018 2020 HUngary l

0 10 0 30 40 50 60

Source : PlasticEurope Market Research Group 2022
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Rubber and elastomers - Plastics - Synthetic textiles

1. Synthetic materials

» Plastics recycling (worldwide, 2019):

Recycling : 9%

Energy recovery :

Landfill : 50%

Released into the environment : 22% (79 Mt!)

© O O O

PLASTIC RECYCLING WORLDWIDE

9%
i
USA

MOROCCO

MEXICO

India is the country

that recycles its plastic waste

the most, with a 60% rate. It is

followed by South Korea (45%

and the Eu::fean Union (30%).

In the United States, the plastic BRAZIL
recycling rate is only 9%.

11% 20%

ARGENTINA

recycled
regulated
mcmerate% |anﬂls
19%
353 Mt

(201 9) 50%

( 22%

dumped*

*in unregulated landfills, burned in open pits
or leaked into the environment

Source: OECD AFP.

SOUTH AFRICA

oL

JAPAN

CHINA SOUTH

“

AUSTRALIA

Fossil-based
plastics 428

Bio-based
plastics 2

Recycled
plastics 29

Plastics
use
460 Mt

Process

losses 4
Plastic
waste Recycling Plastic
353 Mt residues 22 scrap 33
Landfilled i
174 -
Collected for
Incinerated recycling 55
67
Released into the
environment 79
@ Source: OECD Global Plastics Outlook 2022
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Presentation

2. Halogenated derivatives

< Inorganic chlorine compounds (industry)
= Na*Cl, Cl,, HCl, CIO, ClO,, ClOy, ClO,

< Chlorinated Volatile Organic Compounds (VOC)
= vinyl chloride
= methyl chloride CH;Cl
= chlorinated solvents :
o dichloromethane CH,CI, (DCM)
chloroforme CHCl;
carbon tetrachloride CCl, (TCM)
perchlorethylene Cl,C=CCl, (PCE)
1,1,1-trichloroethane Cl;C-CH5 (1,1,1-T)
| o trichlorethylene Cl,C=CHCI (TCE) |  knownhuman carcinogen (IARC C1)
» Chlorofluorocarbons (CFC) and derivatives

o O||O0 O

probable human carcinogen (IARC C2A)

< Persistent Organic Pollutants (POPs) » Chlorinated derivatives are generally lipophilic and therefore
= organochlorinated pesticides bioaccumulative.
= halogenated PAH » Chlorinated VOCs can (depending on their physico-chemical
= PCB, furanes, dioxines properties) have an impact on the greenhouse effect or ozone
=  PFAS depletion.

= « Disturbance of the C cycle
« Disturbance of the O, cycle
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Ozone O,
2. Halogenated derivatives

 stratospheric (# tropospheric) ozone:
o maximum abundance is at an altitude of ~ 30 km = Vs
o the ozone layer filters UV at A <310 nm 30,—20
o 0,/05equilibrium at ~ 30 km, but global ozone 2 :

A <1180
levels fell by 4% between 1980 and 2000 < b
- degradation of stratospheric ozone:
o reactive species: X (HO, Cl, NO)
o actas a catalystfor ozone degradation Nison:sguare kismenss The hole almost reached 30 Milion k2
30- % at the end of September 2006.
A< ]ifo nm o Range _of value
@ O, O3 OZ + 0 | bemeen fo70
and 2006
* —_ * R
XO' + O — X' + 02 \\\
15
X X0

03 +0— 2 02 199 Average
1979-2006

5

0, Nobel orice i Paul J. Crutzen
OE! Price In Mario J. Molina 0. ‘
ChemIStry 1995 F. Sherwood Rowland July Aug. Sept. Oct. Nov. /Dec.
Antarctic Spring
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Ozone O,
2. Halogenated derivatives
* HO,: H?-/lTscgi-nfhydroxyle/perhydroxyle radicals) N darkness. at low clono, C'c?gﬁgfi.ocf Hl_nlle\% ++H3CI
< ! o . HNO -
O; - 0,+0 temperature (< -77°C): e (or21 the surface of

and others HNO;.3 H,0 crystals)

HO + O; = HO," + O, 20,— 30,
HO,”+ O — HO + O,

HO, can also degrade ozone: HO,  + O; = HO" + 2 O,

reservoir

* NO,: NO'/NO,’ (come from the oxidation of atmospheric nitrogen)
But today it is mainly N,O !
A <1180 nm

03 - 02 + 0 Nitrous Oxide (N20): The Dominant
Ozone-Depleting Substance Emitted in the 21st
NO + 0, = NO," + O, Century

A. R. Ravishankara, &t al.

C 4+ — ‘+ Science 326, 123 (2009);
NO, +0 = NO'+0, DOI: 1{].1126fscie$me.11?6985 — e e e e e e e e _Stra_tosﬂere_
2 03 - 30 5 Not covered by the Montreal Protocol... Troposphere
* ClO,: Cl/ClO
X 1180 * The sources of Cl- are:
5 _’ng + 0 -aerosols (NaCl crystals): minor effect
3 2 -CHCl from the slow combustion of organic matter

Cl'+0; =~ ClO + 0, or produced by certain algae sources

ClOO+0—-ClI'+0, -CFCs: highly stable, easily reaching the stratosphere
20,- 30, Bromine reacts in the same way. N




°
UanerSIté . GRADUATE SCHOOL
PARIS-SACLAY = Chimie

Ozone O,
2. Halogenated derivatives
* HO,: HO'/HO, (hydroxyle/perhydroxyle radicals) Solar radiation cloNo, CIONO, + H,0 — HNO, + HOCI
A <1180 nm l l l 1 l l HNO, CIONO, + HCl = HNO; + Cl,
O; - 0,+0 HCIO (on the surface of

and others HNO;.3 H,0 crystals)

reservoir l

Cl,+hv—= Cl-+CI
2 HOCI + hv — CIO" + HCI + OH:

HO + O; = HO," + O, 20,— 30,
HO,”+ 0O — HO + 0O,

HO, can also degrade ozone: HO,  + O; = HO" + 2 O,

* NO,: NO'/NO,’ (come from the oxidation of atmospheric nitrogen) 0;,~0,+0
i+ i ; Cl+0;—~ ClO-'+0
/ 3 2
<1180 But today it is mainly N,O ! Or0ne. CI0-+0 = CI+0,
03 - 02 + 0 Nitrous Oxide (N20): The Dominant depleting
gzone-Depleting Substance Emitted in the 21st cycles 20,— 30,
. — . entury
Eg + O(; I[:l](c:))z +002 A. R. Ravishankara, &t al.
C 4+ - ‘+ Science 326, 123 (2009);
2 2 DOF: 10.1126/science. 1176985 o e e e e e e e _stra_ms;iere_
2 03 - 30 5 Not covered by the Montreal Protocol... troposphere
* ClO,: Cl-/ClOf
X 1180 * The sources of Cl- are:
5 _’ng + 0 -aerosols (NaCl crystals): minor effect
3 2 -CHCl from the slow combustion of organic matter
Cl'+0; = ClO +0, or produced by certain algae sources sinks
ClOO+0—~ClI+0, -CFCs: highly stable, easily reaching the stratosphere
* Bromine reacts in the same way.
20;— 30, 28
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CFC, HCFC, HFC and others

2. Halogenated derivatives

* CFC (ChloroFluoroCarbons) and Halons* OR 10 (GG
o banned Sep. 16, 1987 (Montreal Protocol) > R 12 (CCLF,) R 114 (CCIF,~CCIF,)

o Emerging countries: production authorized until 2010
* HCFC (HydroChloroFluoroCarbons)
o banned Jan. 1%, 2015

O R 113 (CCIF,~CCI,F) R 115 (CF;-CCIF,)

* pentane & cyclohexane |
o foams
* propane & butane

05 -  R128(CF,-CHCI)
R141b (CH;-CCLF) | BSclede
R 124 (CHCIF-CFy)

ODP : Ozone Depletion Potential

o propulsion Flammable!
* cyclopentane R 22 (CHCIF,) _ =

o cooling systems R 134 a (CF,—CH,F) w

0 | | ! J

0 1 2 3 4 7 8
* | Halon 1211 : CF,CIBr . o GWP: Global Warming Potential
Halon 1301 : CF.Br » fire retardants ar;]d extlngL'ushers circle size = f(lifetime)
Halon 2402 : C,F,Br, 10 times worse than CFCs! Reference = R11
(but GWPR11 = 4750 x GWPC02)
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CFC, HCFC, HFC and others

2. Halogenated derivatives

HFO : HydroFluoroOlefins (HCFO : HydroChloroFluoroOlefins)

Example : R-1234yf &% 2,3,3,3-tetrafluoropropene (HFO-1234yf)
e ODP=0 R1234yf

. . F
-new refrigerant gas for air
conditioning (cars) HZCZ<CF * G1WP =4 S5 Kg
-European directive 2006/40/EC 3 © thlife=13days :
(in force since 2011) * flammable
-replace R-134a: F3C—CH,F e ODP=0
e GWP=1340

H H F. Cl H Cl R F  t¥%life =14 years

F>2 < F>2 < F)E < F>2 < «  flammable

FFEoH R 7R F

HFO-1243zf  HCFO-1224yd  HCFO-1233zd  HFO-1216

F H F H H F H H
F FF F PR H F F H g% F

HFO-1336mzz(Z)  HFO-1234yf  HFO-1234ze(E) HFO-1234ze(Z)
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CFC, HCFC, HFC and others

2. Halogenated derivatives

2011

2014

2020

01/09 - 30/09 LATMOS-ULB
S I C  se——
200 250 300 350 400 450 500

IASI Total Ozone Column [DU]
Laboratory « ATMosphéres et Observations Spatiales" (LATMOS-IPSL, CNRS/UVSQ-UPSay/Sorbonne Univ./CNES)

« 37 years after Montreal: successful mobilization (stabilization since 1995)
« But it will take a long time to get back to where we were:

o the average residence time of CFCs/halons in the atmosphere is very long

o some manufacturers are still using CFCs/halons despite the ban*

o global warming interferes with ozone regeneration

*An unexpected and persistent increase in global emissions of ozone-depleting CFC-11.
James W. Elkins et al., Nature (2018) 557, 413-417

If we had done nothing!

1974

2009 2020

2040 2060
Ozone Concentration (Dobson Units)

0 100 200 300 400 500 600
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2. Halogenated derivatives Per/poly-fluoroalkyl substances PFAS

« generic term for highly fluorinated aliphatic substances pesticides  Stain Reg;c,

Pr n,
« consisting of at least one fully fluorinated carbon atom (-CF.-) ! ) e i “rep,
« partially or fully fluorinated alkyl chain @4‘;@1};‘?& ! p°°§,f%o
« generally contains a terminal functional group: carboxylate, e %
sulfonamide, phosphonate, sulfonate, alcohol... S @ 4) ﬁ ‘25:%
9 .9 I8 S
. ) o . _0 o o S ‘& %
COO S—NH, PO $-0 OH !?@ @ b
ol 0 0 . - .
: 3 mm PRODUCTS ]
« approx. 5000 different PFAS currently on the market S THAT CONTAIN - £
« non-stick, heat-resistant and waterproofing properties
- categories: short chains (< C6), long chains... g PFAS ’
« thermodynamically stable C-F bond (up to 130 kcal/mol) %} ® D B ¥
- highly resistant to: 3%% ﬁ <8
o hydrolysis, metabolism, photolysis, general degradation %za %5 »
(POPs) %, — S
o non-flammable ey % S5
« used in many everyday products 2 De e v
« variable toxicity, bioaccumulable, biomagnifiable Rlogt?! - c;::&&&
« surface-active properties for the most part Polish

« currently unregulated in France
« only a few PFAS are banned under the Stockholm Convention
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2. Halogenated derivatives Per/poly-fluoroalkyl substances PFAS

Perfluoroalkyl carboxylic acids (PFCAs)
Perfluoroalkyl acids (PFAAs) Perfluoroalkane sulfonic acids (PFSAs)
CnF2n+R Perfluoroalkyl phosphonic acids (PFPAS)

Perfluoroalkyl phosphinic acids (PFPIAs)

~ Non- | Perfluoroalkane sulfonyl fluoride (PASF) PASF-based derivatives
polymers CnF2n+1502F CnF2n+1502-R, R = NH, NHCH2CH20H, etc.

FT-based derivatives
- CnFzn+1CHz2CHz2-R,
R=NH NHCH2CH20H, etc.

| Perfluoroalkyl iodides (PFAls) _, Fluorotelomer iodoes (FTls)
CnF2n+l CnFan+1CH2CHz2|

- Per- and polyfluoroalkyl ethers (PFPEs)-based derivatives — Polyfluoroalkyl ether carboxylic acids

PFASs
Polytetrafluoroethylene (PTFE),
Polyvinylidene fluoride (PVDF),
Fluorinated ethylene propylene (FEP),
Perfluoroalkoxyl| polymer (PFA), etc.

— Fluoropolymers —

Fluorinated (meth)acrylate polymers
- Polymers — Side-chain fluorinated polymers — Fluorinated urethane polymers
Fluorinated oxetane polymers

— Perfluoropolyethers
Source : EOCD 2013, UPDS 2021

RFRFRF

F
3C coox*

FFFFFF
PFOA

RFRFRFFRF

FsC coox*
FFFFFF

PFNA
R FR F
FsC SOz X*
FFFFFF
PFHxS

RFR FFRF
FsC SOz X*

FFFFF FF F
PFOS

RFR FFR F
FsC OH

FFFFFFFF
8:2 FTOH
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2. Halogenated derivatives

—— High certainty

Lower certainty

Thyroid disease

Increased cholesterol levels
Developmental effects
affecting the unborn child

_..---Breast cancer
Delayed mammary gland development -

Reduced response to vaccines Liver damage

L birth weight
ower birth weigl Kidney cancer

Obesity --------"-=----------

Barly puberty onset -~ - Inflammatory bowel disease

. (ulcerative colitis)
Increased miscarriage risk -~

(i.e. pregnancy loss) Testicular cancer

Low sperm count and mobility «* R
" Increased time to pregnancy

. Pregnancy induced
hypertension/pre-eclampsia
(increased blood pressure)

Sources : US National Toxicology Program (2016), C8 Health Project Reports (2012),
CIRC OMS (2017)

Per/poly-fluoroalkyl substances PFAS

THs = Thyroid hormones
TTR = Transthyretin
T4 = Thyroxine

0o N® g T3 = Triiodothyronine
%0 “3

” ’ ‘ Long-chain
* T 8 1 ) #’k %\?, 1. Displacement of THs Most el

9 @ | \ 4 *n 2. Hyperthyroidism

f - ‘ a P \ J 3. Thyroid diseases "
4? / [~ - a9 4, Accumulation in tissues
& 5. Higher free T4, T3 f
ud levels

Short-chain

Effects Potentially harmful

& ?

s
A
b
5
Z

1. Hypothyroidism

Human TTR +
PFASs production and 2. Mental retardation PFAS interaction
<$I_ oo 3. Slowed growth and
Environmental © development
7’6 Contamination (ﬂd"“
¥ {1. TTR homologs in humans | sy

| and vertebrates

1 2. PFAS-interacting  residues

| are conserved in humans and
other vertebrates

-« >

?g“

H-bonds and hydrophobic
interactions with AA

PFAS-mediated thyrold disruption
in humans and other species

Bioaccumulation and biomagnification risks

Source : Archives of Toxicology2023, 97, 755-768
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Metallurgy and SO,

3. Metallurgy and Trace Metallic Elements

1300 °C
« Extractive metallurgy: Fe,0; + 3CO - 2Fe+3CO0O,
o all the physical, chemical, calorific and electrolytic treatments that hematite 1000
ores undergo to extract metals. PbS +23 Oz > PbO + SO,
» Pyrometallurgy: galena
o thermal treatment of minerals and metallurgical ores to enable 1000 °C
recovery of valuable metals (roasting/smelting). nS +- -0, = Zn0 + SO,
o metal sulfides - release of SO, = toxicity, acid rains, soil blende 1000 °C
acidification... HgS + O, = Hg? + SO,
cinnabar

Atmospheric SO, emissions by

sector in France in kt W Transport
B Agriculture/Forestry
600 W Residential/Tertiary
Industr
N I | y
400
2000 200 04 2006 200 010 2012 2014 2016 2018 2020

» Helsinki Protocole (1985): emission of sulfur compounds Great Smog of London, Dec. 1952 -~ 12,000 death

» Oslo Protocole (1994): acid rain control
85
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3. Metallurgy and Trace Metallic Elements

« Trace metalllic elements (TME/ETM):

o historically: heavy metals

o metal in low concentration

= terrestrial crust: < 1%o

»  living being: < 0.1%o
o toxicity = f(nature, speciation, oxidation state)
o most toxic TME for plants/animals: Hg, Pb, Cd

« Mercury (Hg)
o only liquid metal at room temperature
o veryvolatile
o highly toxic for living beings:
=  VME Hg®/HgO/HgCl, (inhalation): 20 pg/m?3
» lifetime : brain =1 yr, body = 30-60 days
= VME Hg*?* (oral):
« 0.1 pg/kg/day (alkyl cpds)
« 2.0 pg/kg/day (inorganic cpds)
= Concentration:
« volcanic fumes =40 pg/m?3
« clean atmosphere = 2.5 pg/m?3
« coal=0.3 ppm, oil =3.5 ppm
« cleansoil =0.1-2 ppm

Mercury
Global mercury cycle (2018)
Atmosphere:
&aGD Net Hg? evasion
% 06 1 Deposition Deposition 3.4
(0:6) (0.4) (2.2) to land/ to oceans (2.5)
] freshwater :
Biomass
burning
r 3.8
- Soil and I (3.7
Ge?gemc vegél:'t\ion 2 %
1. ) Anthropogenic
Organic soils: 150 (200) Surface ocean: 2.6 (2.9) 0.3

Mineral soils: 800 (800)

Global Mercury Budget: AMAP/UNEP (2018) vs AMAP/UNEP (2013)

Numbers in bold are from AMAP/UNEP (2018), those in brackets from AMAP/UNEP (2013)
Mass units are in kilotonnes (kt), fluxes in kilotonnes per year (kt/y)
Anthropogenic

» Natural I Re-emissions/Re-mobilization

Deep waters: 190 (221)

Gréss expdrf

Intermediate waters: 120 (134) Net vertical

transport

Geogenic
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3. Metallurgy and Trace Metallic Elements

Increase of the concentration of a toxic substance:

: * inan organism ¥ bioaccumulation (bioconcentration)
CONVENTION « throughout the trophic chain # Biomagnification (bioamplification)
ON MERCURY Methylmercury : CH3Hg*, X] o biomagnification factor up to 10°!

70 Oct. 2013

Minamata tragedy (Japan, Chisso plant, 1956-1966)

Direct anthropogenic atmospheric emissions of Hg® (1960 t, 2010) :

* Gold panning :37% (725 t)

_ - X +
| X vinyl alcohol * Combustion of fossil fuels (coal/oil): 25% (490 t)
AE=-518k)mol" HO AE=-16.5 kJ-mol-! /  AE=-92.6kl'mol! . .
s Y Ho Ao T Hoo M -coal: 0.2 mg Hg/kg (essential emissions)
H—aii:e—H H,c?c\H ‘ iH* HO’CTC\H W Ho/C=C\H -oil: 3.5 mg Hg/kg » 60 t/a of eq. Hg in the atmosphere
(starting material) catalyst | 0 * Metal industry: 18% (353 t)

Hg

Cement and chlorine industries: 10% (196 t)
-limestone : 0.2 to 2.3 mg Hg/kg

—60.5 kJ-mol!
59.2 kJ-mol~!

AE = —
°

Combustion of household waste : 5% (98 t)

) @ A 31kl HO 9 e = 913k mol! H\C_C Dental office rejects/Cremations (!) : N MeréJure

;o 2 & " -dental amalgam ban in France... ? ¢ 5 '
I ' co, 3 H* —‘X v lacetaldenyde (Minamata convention, 2013) A. go home:
i : _______________ | 1 camlys! I ﬁaroducd -

Hg

benthic bacteria
r—-—=—=-=-="==============-=-"=-"7
[ ]

Environ. Sci. Technol. 2020, 54, 2726 87
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3. Metallurgy and Trace Metallic Elements

« Lead (Pb)

> highly toxic to living organisms: Spectacular consequence of the PbEt,

. . g ban in US (1996) and Europe (2000)
= daily human intake: 0.35 mg/day %
» lifetime in blood: 15-30 days e — S Leadlngasollne g
= lifetime in the skeleton: 20 days | s e
» Mean exposure value (VME): 0.15 mg/m3 TSy
. Av bloodl d
o sources: fegialenl |
» natural = 70 Kt/yr (volcanos, soils, biomass...) Galena (PbS) v g },"140
= anthropic = 130 Kt/an =
(@)
(%)
* Pb metal ©
o accumulators and batteries (80%!) £ 60 120
o water pipes (replaced...) . k.
o tinsolder alloys (Sn 62%, Pb 32%) ‘ V\_/ater p(.)llutlon. _ Y
o roofing materials: cf ND de Paris! Risk of direct poisoning 2100
o hunting lead (alloy: 1.5% Sb, 0.8% As)
* Inorganic compounds 1976 1977 1978 1979 1980
o | anti-rust paint for Pb;0, (minium) steels and ther ensitve popuatins, Washington OC:Natona Academie pess, 963

paint, varnish, mastic and PVC colorants: Pb(OH),.PbCO;, PbCrO,, PbMoO,, PbO

leaded glass, crystal: PbO : . : .
tobacco (lead arsenate) |—> banned for professionals in 1949...but used until 1993 (official ban)

fertilizers (impurities in superphosphates)

@)
@)
@)
@)

« Organic compounds

_ . _ Air pollution, then water and sediment (rivers, estuaries, oceans)
o Tetraethyl lead: PbEt, (anti-knock product in gasoline)
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3. Metallurgy and Trace Metallic Elements

« Cadmium (Cd) « Inorganic compounds
o highly toxic to living organisms: o |paint and PVC colorants (CdS, CdSe)
= daily human intake: 3 pg/day o plastic stabilizers (cadmium stearate)

= lifetime in liver and kidneys: 10 years o impurity in phosphate fertilizers
= lifetime in the skeleton: 20 days o spreading sludge

= VME: 0.05 mg/m3 EC 2014: discussions on banning Cd pigments P
@ REACH (4/2016): < 0.01% w/w (< 0.1% w/w if > 10% Zn)

Japan’s Four Pollution-Related Health Crises

o absorption into the body:
» food (fish, shellfish, offal, cereals, vegetables)

= natural presence of Cd in soils and fertilizers; accumulation in
leaves (cabbage, lettuce, tobacco...)

» tobacco: 20 cigarettes = 2 ug Cd (75% dose day)

Niigata Minamata
disease

Agano River basin,
Niigata Prefecture

[tai-itai disease

Jinzi River basin,

o Use of cadmium metal e ekl

rechargeable Ni-Cd batteries (86%!) LIS Vorkaicht asthm

plating (surface treatment) Ma ———— :
brazing alloys (Ag 50%, Cd 18%, Zn 16%, Cu 15%) N
fuse alloy (Bi 50%, Pb 27%, Sn 13%, Cd 10%)

electronics and electrical engineering industry

Water pollution Disaster in Itai-itai

Minamata Bay area,

. . . . —>
Risk of direct poisoning (Toyoma, Japan, 1955) fumameto Prefecture nippon.com
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Ill. Third cause of pollution: agricultural activities

1. Fertilizers
2. Pesticides
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Nitrogen cycle

1. Fertilizers

GHG/ODP

« To be assimilated in biomass, nitrogen
must be fixed (NH; or NO3)

o 3 biotic processes regulate the N cycle:
= fixation, nitrification, denitrification
o 2 physical processes are involved:

fossil fuels

gas losses to

t h
»  volcanism, thunderstorms SRS 4
o 1 chemical process developed: (N, N0, NO) Précapltatlon | :
o Haber process organic livestock S —
l 4 ‘ wastes sewage discharge = - fertilizers
Atmospheric N, fixation L £ . =i
N, +8 H* + 8 e + 16 ATP — 2 NH, + H, + 16 ADP/P

plant uptake  organic N (R-NH,) ~ mineralization
— : NH3 + 02 - N02'+ 3H*+2 e denitrification AN / \
Nitrification natural
NO, + H,0 = NOy + 2 H* + 2 & . natural

_ Nitrates (NO,-) Ammoniac (NH, +)
/ N = Nitrites (NOE ) ——

Denitrification | NO3 = NO, = NO- = N,0 = N, nitrification N nitrification
leachin

A

Soil leaching

Source : Visionlearning 2000-2009 91
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Nitrogen protoxide

1. Fertilizers

* nitrous oxide

* euphoric gas, anesthetic, oxidizer rocket engine 330 T T
* results from biological reactions (denitrification in anoxia) ...
* stable in the troposphere (as destroyed by photolysis at A < 400 nm) 5 20 5
* GHG (GWP 4 years = 265) = : 2 §E‘
» decomposes in the stratosphere: S 800 = f 19 g 1%z
[ 1 g " 1 60
N,O + hv — N, + OP 2 1800 1900 2000 | .%0
(@) i et
n L
N,O + O — N,+0, 95% o - 8. g
N,O + O® —=> 2NO- 5% | vs Osstratos. ! < -.%
Natural sources: 6.5 10000 5000 0
-soils 4.5 :
time
-oceans 2
Anthropi rces: . . .
-fo;sil foup;:g SOUrces 182 * [N,O] increases by 0.8 ppbv/year (intensive
-biomass combustion 0.5 use of nitrogen fertilizers since 1950)
-fertilization 6.3
Total 14.5
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Nitrogen protoxide

1. Fertilizers

* nitrous oxide

* euphoric gas, anesthetic, oxidizer rocket engine
* results from biological reactions (denitrification in anoxia) Global Monthly Mean N,O
* stable in the troposphere (as destroyed by photolysis at A < 400 nm) | | |
* GHG (GWP 4 years = 265)

* decomposes in the stratosphere:

335¢

NZO + hv —_ N2 + OlD 330}

325}

N,O + O — N,+ 0O, 95%
N,O + O —> 2NO- 5% | vs O stratos. !

N>O mole fraction (ppb)

320+

5 . .
Natural sources: 6.5 200 10 2020

-soils 4.5

-oceans 2

Anthropic sources: 8 . . .
fossil qu:Is 12 * [N,O] increases by 0.8 ppbv/year (intensive
-biomass combustion 0.5 use of nitrogen fertilizers since 1950)
-fertilization 6.3

Total 14.5
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Phosphorous cycle - Eutrophisation/Dystrophisation

1. Fertilizers

« element P is present in low concentrations in the biosphere (limiting factor in ecosystems)

« eutrophisation:

o natural enrichment of an aquatic ecosystem with nutrients (nitrates, phosphates...)

o kinetic. tens of thousands of years

« dystrophisation (or hyper-entrophication):
o anthropogenic enrichment of an aquatic ecosystem with nutrients

o kinetic. decades

Urban polluted
water (organic
matter)

O
I —

Polluted water of agricultural
origin (nitrate + phosphate

leaching) M

f

'

p

1. Nutrient supply

. Dissolved O,
Light consumption
Y (BOD/DBO)
—-s.\\ NER PRI /‘. : f_..—-""

2. Algae bloom on the surface

= = — = =-~%— chemocline/oxycline

Sediments rich in organic
matter (contribution of
nitrates and phosphates)

3. Death and aerobic decomposition
of algae on the bottom
0
Phosphate Hs5 MH;

G

Oxycline gradually
approaches the
surface

4. Anaerobic fermentation: H,S, NH,

Formation of
putrid sludge

Proliferation of algae and higher
aquatic plants: green/red tide

* Phenomenon favoured by:
 high temperatures

* high light levels

 low current

* homogeneous living conditions
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Phosphorous cycle - Eutrophication/Dystrophication

1. Fertilizers

How do you know whether nitrates in surface water come from fertilizers or not?

[55N]/ [*N]acp o atmospheric N,
815N = -1| X 1000 o [] atmospheric nitrates
[N/ [**N]; . @ fertilizers
[C] animal wastes
[220]/ [*50] sepantilion 40 + poultry manure
18 = 501/ 0] -1 X1000 2 . @ leguminous plants
air &2 . . atmospheric O, nitrification from soil
2 organic matter
o 20
Nitrates (fertilizers): 0 -
615N = '5/+5%0 |
8180= 235%0 0+
Nitrates (natural): -10 ' ' : :
615N - 0/+20%0 -10 -5 0 5 10 15 20
6180 = -5/+1O %o 5 1SN-NO; %o
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Intensive use of fertilizers - Environmental impacts

1. Fertilizers

« Nitrogen fertilizers:  Fertilizers production:
o NH4NO3, (NH,),S0O,, Ca(NOs),, urea * energy consumption
o Phosphate fertilizers: « consumption of non-renewable raw materials
« Ca(H,P0,), (superphosphates), « large quantities (storage: AZF accident; transport)

Thomas meal (bone, dried blood)

« Potassium salts: « Fertilizers use:
KCl K,SO . » dystrophization
’ e + soil pollution by TME

Global trends: agricultural production set to grow faster
than population, with almost the same surface area

NO; sources Fixed N Gt NO5 /yr

1960=100
o Natural sources: 140
480 7 — populaton S e “bacteria, lightstorms
850 -------- ===~ Surfaceareaofagriculturalland ---------=--=--mooo Lot Anthropic sources: 210
5% .1 —— Worldagriculturalproduction 1T -nitrated fertilizers 80
0 0 T U S e S\ O o D RS i AR B 5 et R -nitrifying crops (carrots, beets...) 40
LI e s St o s G e e i i s s -biomass combustion 40
1?,8 B N DT U e o T DT -fossil fuel combustion 20

0 -land clearing 20

o QO O O o o O o O o O o

Source : OCDE (2019)
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Alternatives
1. Fertilizers

Percentage of useful agricultural area cultivated organically in the EU

« Organic/biological farming:
o agricultural production system based on rational 30%

soil management for quality, balanced, more
autonomous, more economical and non-polluting

production: 20%
* respecting biological cycles and the environment
» takes account of ecological knowledge

m 2019 = 2020

25% -

« Organic farming in France in 2022: o

o over 200,000 direct jobs 5% -
o organic market :

= +50% vs 2015 e 2 g9 wxe ¢y oolglE IR e Yo g Py ogeE Loy
' 4B%vs 2021 REEERRRERE RS HIREREIRE R RN L
o sales =12 billions € E eESEeR s saEl§SFogIOEELFES S
g o = o E n:g_
o [ 4

o useful agricultural area=10,7%

http://www.agencebio.org

« Rational/reasoned fertilization:

o 'the right dose in the right place
o partof the integrated agriculture
o #organic farming!
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2. Pesticides

« pesticide:

o chemical substance used to prevent, destroy,

repel or mitigate animal and plant pests
« phytosanitary product:

o a pest control product for agricultural and
related uses designed to protect and/or cure
plants

« biocide:
o substance hazardous to all living organisms

State of the art;

Introduction

insectidde e, el TR SR

herbicide STLENT

fongicide

helicide

corvicide S P R I N G

nematocide 3 Bor SR v . 1

rodonticide RACHEL

acaricide '
antimicrobial C A R S O N

algicide

anti-foo“ng agent R S T clix Tenmbeal Williams vd Lindagiee '

Rachel CARSON
1962 1907-1964
Biologist and writer

« pesticides are the only class of chemical pollutants deliberately dispersed in terrestrial ecosystems because of their toxicity!
«  90% of pesticides applied do not reach their target! They are transferred to the air (10%), water (5%) and soil (75%).

« Specifications (challenge!) for a pesticide: selective in toxicity and rapidly degradable beyond its time of action.

- 468 authorized active ingredients (Europe, April 2021) in around 4,000 commercial specialties

* No. 1 consumer of crop protection products on the European market (18%): 100 to 61 kt (2001 to 2020)

« Europe's 10th-largest consumer in kg/Ha (3.4 kg/Ha in 2020)

» insecticide: carbamates - neonicotinoids
» herbicide: organochlorines - aminophosphate (glyphosate)
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Insectides
2. Pesticides
Carbaryl synthesis (Sevin)

« carbamates:

o carbamic acid derivatives (RNHCOOR)) Cl,

o relatively selective, do not accumulate in fat, not very persistent C+ 120, —= CO —> COCl,

o toxic through action on the CNS: inhibition of acetylcholinesterase phosgene

o toxic to mammals, kill bees (banned in Europe in 2007) K CH3NH,

HCl HCI

A
HCN <——| CH4N=C=0

HCN/CN-: cytochrome c methyl isocyanate
oxidase inhibitor (cellular (MIC)

A
Aa CHsNHCOCI

methylcarbamoyl chloride

respiration)

naphtol

Bhopal accident (1984)
toxic gas leak

(25,000 deaths)

O

o] HINPS ¢

Carbaryl

carbamate: reversible AChE
inhibitor (serine protease!)

99




[ ]
un|vers|té . GRADUATE SCHOOL
PARIS-SACLAY = Chimie

Insectides

2. Pesticides

* neonicotinoids:
o antagonist of nicotinic cholinergic receptors
o neuronal hyperactivation and insect death
o suspected of causing a decline in the honeybee population
o banin France in 2018, derogation in 2020, new ban in 2023 (EC justice)

NO
PRGN Wt P
~ ~
Gy o, Y s
N\ O\/N\/g/
Clothianidine Thiamethoxam
Poncho®: never authorized in France Cruiser® : banned for colza in 2012
_CN
OzN\N N C
|
| J\\ _.CN
M XrTONTON N7 N)\S
HN N = | | |
AR z ~ —
Imidaclopride Acetamipride Thiaclopride
Gaucho®: banned for sunflowers Chipco®: authorized (toxic to bees) Proteus®: authorized (toxic to bees)
in 1999, for corn in 2004 Thiacloprid + Deltamethrin
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Alternatives to conventional chemical insectides
2. Pesticides

. pheromones: CH3(CH2)7CH=CH(CH2)12CH3
o Chemical substance secreted by animals to stimulate a physiological or Common fly pheromone
behavioral response in another member of the same species
(communication) W
o the most interesting (but expensive) are "sex-attractive" pheromones f S

Moth pheromone

« growth hormones:
o Chemical substance secreted by animals to promote the development of
young individuals
o Production of the hormone is naturally halted to allow the adult to mature

/\A/\)\/\/UJ\
X X-"0H

a natural juvenile hormone

o Search for analogues of these compounds with more interesting properties
and at a more affordable cost

N L
\O NP N 0

Metoprene
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Herbicides

/@:O\/
Cl Cl

2. Pesticides

« organochlorides:
o 2,4-Dand24,5T
o defoliating properties (leaf drop)
o "Orange agent"
o Teratogenic! Banned in 1985
CIIICI 160 °C
Cl Cl

NaOH
MeOH

2,4-dichlorophenoxyacetic acid

COOH COOH

Cljc[ov

Cl Cl
2,4,5-T

2,4,5-trichlorophenoxyacetic acid

Cl o NaOH 2,4,5-T

trichlorophenol

x2
220 °C I I I I
7ClI

2,4-D

Seveso (Milan) — 1976

Seveso
directives

L=

Trichlorophénol production:
Contamination of several thousand hectares

2,3,7,8-tetrachIorodlbenzo-p-dloxine
« Seveso dioxin»
2,3,7,8-TCDD
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Herbicides

2. Pesticides

« aminophosphates - Glyphosate:
Foliar and root herbicide, widely used

Inhibition of amino acid synthesis enzymes (Tyr, Phe, Trp)
o Not selective: eliminates all vegetation HOOC/\N/\P(OH H2N/\ :OH
o_Very rapidly degraded to AMPA (aminomethylphosphonic acid) H ('5 OH 6 OH
o Very low toxicity to warm-blooded animals:
=  LD50 (rat) = 4900 mg/kg Round-up® AMPA
(glyphosate + adjuvants...)

5-EnolPyruvyl-Shikimate 3-Phosphate Synthase (EPSPS) :

* absent in mammals
* does not mean that Round-up (glyphosate) is non-toxic!

Potential toxic effects of glyphosate and its commercial formulations below regulatory limits.
R. Mesnage, N. Defarge, J. Spiroux de Venddmois et G.-E. Séralini, Food Chem. Tox. 2015, 84, 133-153
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Food and Chemical Toxicology 84 (2015) 133-153

2' PQStICldes ' Contents lists available at ScienceDirect 2 Foodand §=
Toxicology §——

Food and Chemical Toxicology

2 journal homepage: www.elsevier.com/locate/foodchemtox

ELSEVIEI

Review

Potential toxic effects of glyphosate and its commercial formulations (!)Cmssmrk
below regulatory limits

a, b;1 a,b

R. Mesnage “ "', N. Defarge *", J. Spiroux de Vendomois °, G.E. Séralini *""

2 University of Caen, Institute of Biology and Network on Risks, Quality and Sustainable Environment (MRSH), Esplanade de la Paix, 14032 Caen Cedex,

France

b CRIIGEN, 81 rue de Monceau, 75008 Paris, France

ARTICLE INFO

Atrticle history:

Received 7 April 2015
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Available online 14 August 2015

Keywords:
Glyphosate

Roundup

GMO

Endocrine disruption
Toxicity

Pesticide

ABSTRACT

Glyphosate-based herbicides (GlyBH), including Roundup, are the most widely used pesticides world-
wide. Their uses have increased exponentially since their introduction on the market. Residue levels in
food or water, as well as human exposures, are escalating. We have reviewed the toxic effects of GlyBH
measured below regulatory limits by evaluating the published literature and regulatory reports. We
reveal a coherent body of evidence indicating that GlyBH could be toxic below the regulatory lowest
observed adverse effect level for chronic toxic effects. It includes teratogenic, tumorigenic and hep-
atorenal effects. They could be explained by endocrine disruption and oxidative stress, causing metabolic
alterations, depending on dose and exposure time. Some effects were detected in the range of the rec-
ommended acceptable daily intake. Toxic effects of commercial formulations can also be explained by
GlyBH adjuvants, which have their own toxicity, but also enhance glyphosate toxicity. These challenge
the assumption of safety of GlyBH at the levels at which they contaminate food and the environment,
albeit these levels may fall below regulatory thresholds. Neurodevelopmental, reproductive, and trans-
generational effects of GlyBH must be revisited, since a growing body of knowledge suggests the pre-
dominance of endocrine disrupting mechanisms caused by environmentally relevant levels of exposure.

© 2015 Elsevier Ltd. All rights reserved.
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Environmental Toxicology and Pharmacology 46 (2016) 292-300

2. Pesticides

Contents lists available at ScienceDirect

Environmental Toxicology and Pharmacology

journal homepage: www.elsevier.com/locate/etap

Glyphosate induces cardiovascular toxicity in Danio rerio @ CroseMark

Nicole M. Roy*, Jeremy Ochs, Ewelina Zambrzycka, Ariann Anderson

Department of Biology, Sacred Heart University, Fairfield, CT, United States

ARTICLE INFO ABSTRACT

Af‘fif{e history: Glyphosate is a broad spectrum herbicide used aggressively in agricultural practices as well as home
Received 4 August 2016 garden care. Although labeled “safe” by the chemical industry, doses tested by industry do not mimic
Accepted 10 August 2016 chronic exposures to sublethal doses that organisms in the environment are exposed to over long periods

Available online 11 August 2016 of time. Given the widespread uses of and exposure to glyphosate, studies on developmental toxicity are

needed. Here we utilize the zebrafish vertebrate model system to study early effects of glyphosate on the

Keywords: developing heart. Treatment by embryo soaking with 50 pg/ml glyphosate starting at gastrulation results
ZD(;?Egzt;mm in structural abnormalities in the atrium and ventricle, irregular heart looping, situs inversus as well as
Glyphosate decreased heartbeats by 48 h as determined by live imaging and immunohistochemistry. Vasculature in
Cardiac the body was also affected as determined using fli-1 transgenic embryos. To determine if the effects noted

Vasculature at 48 h post fertilization are due to early stage alterations in myocardial precursors, we also investigate
cardiomyocyte development with a Mef2 antibody and by mef2cain situ hybridization and find alterations
in the Mef2/mef2ca staining patterns during early cardiac patterning stages. We conclude that glyphosate
is developmentally toxic to the zebrafish heart.

© 2016 Elsevier B.V. All rights reserved.
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Differences in the carcinogenic
evaluation of glyphosate between the
International Agency for Research on
Cancer (IARC) and the European Food
Safety Authority (EFSA)
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SUMMARY

group.bmj.com
i N15

The TARC WG concluded that glyphosate
is a ‘probable human carcinogen’, putting
it into TARC category 2A due to sufficient
evidence of carcinogenicity in animals,
limited evidence of carcinogenicity in
humans and strong evidence for two car-
cinogenic mechanisms.

>

>

I'he TARC WG Tound an association
between NHL and glyphosate based
on the available human evidence.

The TARC WG found significant car-
cinogenic effects in laboratory animals
for rare kidney tumours and heman-
giosarcoma in two mouse studies and
benign tumours in two rat studies.

The IARC WG concluded that there
was strong evidence of genotoxicity
and oxidative stress for glyphosate,
entirely  from  publicly  available
research, including findings of DNA
damage in the peripheral blood of
exposed humans.

The RAR concluded® (Vol. 1, p.160)
that ‘classification and labelling for car-
cinogenesis is not warranted’ and ‘glypho-
sate is devoid of genotoxic potential’.

EFSA” classified the human evidence
as ‘very limited” and then dismissed
any association of glyphosate with
cancer without clear explanation or
justification.

Ignoring established guidelines cited in
their report, EFSA dismissed evidence
of renal tumours in three mouse

Cbmmentary

studies, hemangiosarcoma in two
mouse studies and malignant lymph-
oma in two mouse studies. Thus, EFSA
incorrectly discarded all findings of
glyphosate-induced cancer in animals
as chance occurrences.

» | EFSA ignored important laboratory
and human mechanistic evidence of

ZEenotoxicity.
» EFSA  confirmed that glyphosate
induces oxidative stress but then,

having dismissed all other findings of

possible carcinogenicity, dismissed this

finding on the grounds that oxidative
stress alone is not sufficient for car-
cinogen labelling.

The most appropriate and scientifically
based evaluation of the cancers reported
in humans and laboratory animals as well
as supportive mechanistic data is that gly-
phosate is a probable buman carcinogen.
On the basis of this conclusion and in the
absence of evidence to the contrary, it is
reasonable to conclude that glyphosate
formulations should also be considered
likely human carcinogens. The CLP
Criteria'® (Table 3.6.1, p.371) allow for a
similar classification of Category 1B when
there are ‘studies showing limited evi-
dence of carcinogenicity in humans
together with limited evidence of carcino-
genicity in experimental animals’.
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Taux des points des mesure avec la présence du pesticide en 2017

Champ: France entiére. Eaux souterraines.

Sources: Systeme d'information sur I'eau - https://www.eaufrance.fr/. Traitements: SDES,
2019

Pesticide choice
desethyl atrazine

Detection rate

less than 25%
~ between 25% and 50%
[ between 50 and 75%
B between 75 and 100%

Atrazine: banned since 2003!

\(NTN\ N
N__N

Cl

https://ree.developpement-durable.gouv. fr/themes/risques-nuisances-pollutions/pollution-de-I-eau-douce/pesticides/article/les-pesticides-dans-les-eaux-souterraines
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Conclusion and alternatives to conventional pesticides

2. Pesticides

Plants suffer from over 80,000 diseases, 30,000 species of weeds, 3,000 species of nematodes and around
10,000 species of insect pests. More than 1,000 active compounds are used as pesticides worldwide.

« Impact of pesticides on health and the environment:

o Lack of selectivity and excessive stability
« water and soil pollution
«  toxicity and ecotoxicity

o Virtually no structural eco-desjgn taken into consideration to date

« Alternatives to conventional pesticides:
organic/biological farming
reasoned (integrated) farming (seed coating)
changes in eating habits (meat consumption)
genetically-modified plants
»  What are the impacts of GM plants on the environment and health?
o nhanocides = encapsulation of a pesticide in a nanoparticle
» specific pesticide release (temperature, pH, contact...)
= What are the impacts of NP on the environment and health?
o eco-design of pesticides (and medecines) !!!

O

o

O

« GM 'Mon’ corn resist to Karate Zeon (Syngenta...)

Round'up (Monsanto/Bayer) Insecticide : A-cyhalothrin

« GM"Bt" corn with insecticidal

properties (Novartis)

108



[ ]
UnIversite  GRADUATE scHooL
PARIS-SACLAY  Chimie

4. Sustainable development and
challenges for the chemical industry and
research
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Challenges for the chemical industry and research

« reduce the environmental impact of a chemical product and its

synthesis: Climate
o product, synthetic process, energy, waste S
Resou! y Ozone
o LCA of product and process e T— | P
* up to 16 environmental impacts evaluated... Resource use, lonizing
. o fossils radiation
= ... over the different steps of its life ,
. . . Water Photochemical
+ extraction PM, production, transport, use, end of life use ozone formation
» cf. Module 2 (C. Cannizzo and P. Tardiveau) - PR
o includes chemical waste management and circular economy = —_—
[ - Freshwat = ~
cf. Module 3 (S. Henry-Daguerre) sisesenond Acidification
Terrestrial Human toxicity,
eutrophication non-cancer effects
Marine + | Human toxicity,
eutrophication cancer effects

hication Source: Enviroscope
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Challenges for the chemical industry and research

« reduce the environmental impact of a chemical product and its
synthesis:
o product, synthetic process, energy, waste
o LCA of product and process

= up to 16 environmental impacts evaluated... Pollution
= ...over the different steps of its life
. . : 12
+ extraction PM, production, transport, use, end of life Inherently Safer
. . Chemistry for ) -

= ¢f. Module 2 (C. Cannizzo and P. Tardiveau) Accident Principles
o includes chemical waste management and circular economy 1 o Green i

= cf. Module 3 (S. Henry-Daguerre) fiornid Chemistry
o includes the 12 principles of green chemistry prevention q De.s

sign for

= cf. Modules 2 (C. Cannizzo) and 4 (M.-C. Scherrmann) 10 Emclenty
o includes chemical and environmental regulations Degraiation -

»= cf. Module 5 (M. Boivin) 9 b e
o includes environmental performance assessment (EPA) in chemistry SEEES  vatnes

o cf. Module 6 (M.-C. Scherrmann)

Respecting one or more of the 12 principles of green chemistry does not
necessarily mean that your chemistry is sustainable!

2

LCA (EPA)!
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* X %
* * [:E'i Reduce ¢ 9. Catalysts
erivatives
*x REACH * P OH total massina process or process Step a
* * HOOC™ NP PMI = __
* 4 K H "OH mass of product ,
* e} ‘ b £ )
10. Design 11. Real-time  12.Safer Chemistry
for pollution for Accident

Degradation prevention Prevention

Thank you for your attention!
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Calendar

Date Horaire Lieu Module Nom module Intervenant
January 9, 2024 17h30-19h Henr_i SIS Module 1 Introduction to SD in chemistry L. SALMON (UPSay)

amphi O. Kahn
January 16, 2024 17h30-19h gﬁgﬁl o Module 2.1 ACV-Ecoconception C. CANNIZZO (UEVE/CEA)
January 23, 2024 17h30-19h EXSSBMM Module 2.2 ACV-principles and methodology P. TARDIVEAU (UPSay)
January 30, 2024 17h30-19h ?ﬁ;hzimgfjsln Module 3 Chemical waste management and circular economy S. HENRY-DAGUERRE (VEOLIA)
February 6,2024  17h30-19h ;JrE;/hE. 0 Module 4 Renewable and bio-sourced chemistry M.-C. SCHERRMANN (UPSay)
February 13, 2024 17h30-19h ;Jn\q/;f?Bertm Module 5 Environmental regulations and chemical standards M. BOIVIN (UPSay)

Henri Moissan
amphi O. Kahn

February 20, 2024 17h30-19h Module 6 Environmental performance assessment in chemistry  M.-C. SCHERRMANN (UPSay)




