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https://www.youtube.com/
watch?v=aZcNza1xHSk

1964
La malbouffe 
et les additifs, 
progrès ou 
danger pour 
le futur ?

Archive INA

https://www.youtube.com/watch?v=aZcNza1xHSk
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Draw a 
conclusion

State your 
case

Hear 
different 

conclusions

Feel 
uncertain

Search for 
better 

understandingTurn into 
constructive 
controversy

“Truth in science can be defined as the working hypothesis best suited to open the way to the next better one.” Konrad Lorenz, Austria
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1950

1980

1990

2000

L’emballage bienveillant, actif, intelligent, utile
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L’emballage encombrant, 
inutile, dangereux
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Environmental
impacts
From known to unforeseen 
consequences

Packaging have been used for long before thinking about the 
consequences
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LDPE (low-density polyethene),

PP (polypropene),

HDPE (high-density polyethene)

PET (polyethylene terephthalate),

PVC (polyvinyl chloride), 

PS (polystyrene), 

PA (polyamide)
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Microplastiques dans la Méditerranée

Taille (cm)

≥ 1 Macroplastique

≥ 0,5 à 1 Mésoplastique

≤ 0,5 Microplastique

≤ 0,01 Nanoplastique

11

MP primaire: entrant directement dans 

l’océan (abrasives, pré-production de 

granulés, fibres de circuits de lavage de 

textiles, ...)

MP secondaire: fabriqué in situ par 

dégradation mécanique, chimique, 

thermique, biologique
≈ 105 pièces/ km2

Cincinelli et al, Trends Ana Chem, 2019

Liubartseva et al, Mar Pollut Bull, 2018
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European Strategy for Circular Economy
12

The overall goal is to reach  by 2040:
• 90 % of collection by 2029 
• and 50 % plastics waste recycling.
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France – peut mieux faire...

13

www.plasticseurope.org
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A world without plastics?

RECYCLED PLASTICS
+Food-contact

ENFORCED REGULATIONS
China, EU, US

FULL COLLECT
(new usages)

REUSED, EDIBLE PLASTICS
(new supply food supply chains)

NO PLASTICS
(new organizations)
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Circularity
by design
by recycling
by alternative feedstocks
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Current researches

• MATERIAL DESIGN
• Longer lifetime
• Decrease material usage
• Improve sorting, separation, recyclability
• Trigger biodegradability

• ARTICLE DESIGN
• Design for dismantling
• Decrease material usage
• Digital design for reuse
• Digital development of biobased

• RECYCLING
• Mechanical
• Chemical
• Thermal and thermomechanical
• Multimaterial, multilayer

• FEEDSTOCKS
• Plastic waste based
• Food waste based
• CO/CO2 based
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Chemicals risks 

and possible 

human impacts
Hazard Analysis

Risk Assessment, Risk Management

Safety vs Environnent: the impossible deal 

« Ce grand homme à mon avis mérite d’être préféré à 
tous les autres… il a établi une doctrine fondée sur des 
raisons physiques et palpables sans se servir des 
énigmes inintelligibles qui font tourner la tête plutôt que 
d’instruire »

François-Marie-Pompée Colonna – Abrégé de la 
doctrine de Paracelse et de ses Archidoxes - Paris, 
1724.
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https://doi.org/10.1021/acs.estlett.9b00626

https://doi.org/10.1021/acs.estlett.9b00626
https://pubs.acs.org/toc/estlcu/0/0
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Packaging

substances

Hazard Analysis vs Risk assessment
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The cascade of risk assessment and management 
Risk Tradeoff

Risk 
balancing

Conflicts

Scientific risk 
assessment

Conflict:

evaluative

cognitive, 

evaluative, 

normative

Routine Conflict: 

cognitive

Targets: Targets:DG

SANCO, 

industry 

stakeholders

Target:

industry

Target: 

professional

associations

Discourse:

internal

Discourse: 

cognitive

Discourse: 

reflective

Discourse: 

participatory

Outcome: 
simple

Outcome: 
complex

Outcome: 
uncertain

Outcome: 
ambiguous
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Food inertia: a long history
Le règlement de 1908:  « …aucune substance alimentaire ne doit contenir de produit nuisible, produit chimiques… »
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Google Trends / Bisphenol A: (Worldwide)
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# M +1 Substances

(originated from the resin)

1 359 BADGE·H2O

2 341 BADGE

3 643 BADGE(n=1)·H2O

4 569 Cyclo-DiBADGE

5 625 BADGE(n=1)

6 927 BADGE(n=2)·H20

7 491 BADGE·tBuPh*

8 909 BADGE(n=2)

9 775 BADGE(n=1)·tBuPh

10 641 BADGE·2tBuPh

11 477 BADGE·H2O·BuEtOH**

12 403 BADGE·EG*** (+)

13 459 BADGE·BuEtOH

14 509 BADGE·H2O·tBuPh

15 577 BADGE·2BuEtOH

16 687 BADGE(n=1)·EG (+)

18 743 BADGE(n=1)·BuEtOH

19 609 BADGE·BuEtOH·tBuPh

20 971 BADGE(n=2)·EG (+)

* tBuPh    tert.-Butylphenol (chain stopper)

** BuEtOH    Butoxyethanol

*** EG            Ethyleneglycol

(+) Further confirmations are necessary

LOI no 2012-

1442 du 24 

décembre

2012 
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, 2
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1

REGULATION 

2018/213/EC
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2003 2018
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> 𝟔𝟎% of
ingested Chemicals 

are coming from 
Packaging

(exposome)

Compliance
(contaminations)
of 70% of plastics 

tested by
Modeling

Contaminations
from non-plastic

Materials not
considered

CIRCULAR
ECONOMY

vs
SAFETY

Workshop “Predicting the safety of food contact articles” - New science and digital opportunities

4 October 2018, Zurich, Switzerland

https://www.foodpackagingforum.org/events/predicting-the-safety-of-food-contact-articles-new-science-and-digital-opportunities

Safety of food contact materials

https://www.foodpackagingforum.org/events/predicting-the-safety-of-food-contact-articles-new-science-and-digital-opportunities
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EFSA has issued upward of 140 positive scientific 
opinions on the safety of processes to recycle plastics for 

use in food contact material.

ONLY recycled PET is authorized in EU.

500 M€ have been invested in plants capable of converting 

recycled plastic materials into materials suitable for 

packaging and food contact applications

In 2014, more than 50% of the recycled PET in Europe 

was used in food contact applications.

The lack of harmonisation amongst Member States 

generates legal uncertainty and unnecessary burden for the 

industry using recycled materials.

It also sets up obstacles for the Circular Economy

FOOD GRADE

GARBAGE
(POST-

CONSUMER 
MATERIALS)

COLLECTION 
WITH NON-

FOOD GRADE
MATERIALS

SUPER
CLEANING

IS THE RECYCLED 
MATERIAL AS SAFE 
AS THE ORIGINAL 

ONE ?

POSSIBLE
MISS-USE

FILLING WITH 
FOOD AGAIN

Recycling plastics for food contact
REGULATION 282/2008/EC
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Endocrine DISRUPTOR: (Worldwide)
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Misuse issues (post-use contaminations) of Polyethylene
terephthalate (PET) can be easily handled : glassy polymer,

it is mainly contaminated by small contaminants which can be

removed by a devolatilization step above 𝑇𝑔

Polyolefins are rubber polymers 

which can be easily contaminated 

by high molecular weight 

contaminants after use.

Paper and board contains large amount of residues 

from printing inks: aromatic (carcinogenic) and aliphatic 

mineral oils can be transferred without contact and 

lead to cross-contamination between materials
J. of Chromatography A. 2013;1293:107-19.

Recycling of PET vs other materials
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Manufacturing 

date

Unknown 

Sampling from local

German market

04/2010

08/2010

Analysis

of 2nd sample

08/2011

Analysis

of 3rd sample

Biedermann et al. (2013) 

119 dry food products

(3 samples/category)
1st analysis

Request of 

BfR

4 months
12 months

Contact time

➔
𝑴𝑷𝑬

𝑴𝑷𝑷
∝
𝑫𝒊,𝑷𝑬

𝑫𝒊,𝑷𝑷

Paper and board = prevalent source of chemical contaminants in food
Mineral Oils, Printing inks, adhesives
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BADGE,BPA

be
nz

op
he

no
ne

s

diisocyanate

ITX

MOA

biocides
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Food and Feed borne crises
throughout the food chain

Bovine Spongiform
Encephalopathy

B S E Dioxins

Mycotoxins

Chloramphenicol
CAP

Sudan red

destroy consumer‘s confidence in food

http://images.google.de/imgres?imgurl=http://www.tiergesundheit.com/rind/images/rind_mast2.jpg&imgrefurl=http://www.tiergesundheit.com/rind/633.html&h=273&w=180&sz=8&tbnid=GPs0n4vjLgsJ:&tbnh=107&tbnw=71&start=3&prev=/images?q=Rind&hl=de&lr=&sa=G
http://images.google.de/imgres?imgurl=http://www.malzacher-verlag.de/Netfusion/Local%20Publish/Fotokarten/Noch_mehr_Karten/Schwein%205648%20gro%DF.gif&imgrefurl=http://www.malzacher-verlag.de/Netfusion/Local%20Publish/Fotokarten/Noch_mehr_Karten/noch_mehr_karten.html&h=390&w=548&sz=192&tbnid=mxyZIhw_uuIJ:&tbnh=92&tbnw=129&start=10&prev=/images?q=Schwein&hl=de&lr=&sa=G
http://www.vis-ernaehrung.bayern.de/de/left/fachinformationen/risiken/stoffe-bio/_images/pistazien.jpg
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But what about
food packaging

?
Semicarbazide/SEM

Organic solvents/
residues Bisphenol A diglycidyl ether 

(BADGE)

Nonylphenol
NP
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"It is incredible that such defenseless beings as 
babies should face such serious risks in a 
product as widely used as milk" 
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Regulations 
to orient 
policies

“Markets are imperfect. So you do need regulation, knowing that the regulators are also human.” George Soros, USA

Transfer of responsibilities
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ROMA TREATY, 1957

PROHIBITION OF QUANTITATIVE RESTRICTIONS BETWEEN 
MEMBER STATES

Article 28
Quantitative restrictions on imports and all measures having
equivalent effect shall be prohibited between Member States.

Article 29
Quantitative restrictions on exports, and all measures having
equivalent effect, shall be prohibited between Member States.

Article 30

The provisions of Articles 28 and 29 shall not preclude
prohibitions or restrictions on imports, exports or goods in
transit justified on grounds of public morality, public policy
or public security; the protection of health and life of humans,
animals or plants; the protection of national treasures possessing
artistic, historic or archaeological value; or the protection of
industrial and commercial property. Such prohibitions or
restrictions shall not, however, constitute a means of arbitrary
discrimination or a disguised restriction on trade between Member
States.
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https://ec.europa.eu/food/safety/chemical_safety/food_contact_materials_en



p. 3830/01/2020

.038

SPECIFIC RULES FOR PLASTICS
COMPLIANCE ISSUES

Ex-Post Impact Assessment Unit of the European Parliamentary 
Research Service (EPRS) between December 2015 and February 
2016. It seeks to assess the implementation of existing EU FCM 
rules, and, in particular, framework Regulation (EC) No 
1935/2004, which is the focus of a dedicated Implementation 
Report being prepared by the EP Committee on Envi
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Directive

90/128/EEC

Regulation

2002/72/EC

10/2011/EC
1935/2004/EC

89/109/EEC

Contribution of INRA
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https://www.plasticseurope.org/a

pplication/files/2615/2933/0926/T

he_Role_of_Food_Packaging_20

18.pdf

https://www.plasticseurope.org/application/files/2615/2933/0926/The_Role_of_Food_Packaging_2018.pdf
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1 2 3 4 5 6 7 8 9 10

Hazardous

Occurrence

Management
Regulated

Least 
important

Most 
important

Contradictions and risk scale

Plastics

Printing inks

Adhesives

Solvents, 
polymerization aids

Biocides

Coatings

Paper and board



p. 43

Risk management requires the full cooperation of the supply chain
How to establish the responsibility of stakeholders?
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Most of the packaging systems are composite



p. 45

Developing the cooperation along the supply chain
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Preventive 

approaches

From preventive approaching to integrated engineering
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Regulation EC 2023/2006 - Good 

Manufacturing Practice for materials and 

articles intended to come in contact with food+VOLUNTARY APPROACHES & LOCAL ORDINANCES 

Our recommendations

http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32006R2023
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Linked decisions with complex ramifications at various scales
Modeling across the scales the next frontier for supporting public and industrial decisions
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Tier modeling
►“Mandatory” in public models

with legal and safety issues for review 

(help to identify influent parameters)

►Can be used for prioritization, triage 

and future refinements
►Good practices exist in EU and US

for risk assessment
►Approved for compliance testing in 

EU, US and China

Progressive enrichment
instead of brute force

E. J. Hoekstra, R. Brandsch, C. Dequatre, P. Mercea, M.-R. Milana, A. Störmer, X. Trier, O. Vitrac, A. Schäfer and C. Simoneau, in: E. Hoekstra (Ed.): JRC Scientific and technical Reports EUR 27529 EN, European Commission, Ispra (Italy), 2015.

49
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How to manage uncertainty

Uncertainty vs ignorance
► “scientia” (science) vs “opinio” (belief)

► Conventional modeling assumes complete 

knowledge and epistemologic transformation of 

information into knowledge.

► How to code “vagueness”, “skeptism”, “error”, “doubt”

Y. Zhu, P.-M. Nguyen and O. Vitrac in: G. Robertson (Ed.): Elsevier Food Science Reference Module, Elsevier, Amsterdam, NL, 2019, pp. 64.
50
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Probabilistic modeling
►Part of best practices

►“Mandatory” for risk assessment

►Uncertainty ≠ variability, it can be 

reduced by additional knowledge or 

model details.

►Monte-Carlo sampling can be avoided 

in several situations to reach almost 

real time simulation.

Evaluating uncertainty

E.g., monotonic model
𝐶𝐹

𝐶𝐹
𝑒𝑞

O. Vitrac and M. Hayert, Aiche Journal 2005, 51, 1080-1095.

O. Vitrac, B. Challe, J.-C. Leblanc and A. Feigenbaum, Food Additives and Contaminants t 2007, 24, 75-94.

51
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Consumer exposure
styrene from yogurt pots in PS
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6122 Households

221,190 Purchases

1,930,257 Purchased units

µg∙day-1∙person-1

2 physico-chemical scenarios

O. Vitrac and J.-C. Leblanc, Food Additives and Contaminants Part a-Chemistry Analysis Control Exposure & Risk Assessment 2007, 24, 194-215.
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Packaging design
Minatures PET bottles for

alcoholic beverages served in planes

shelf-life=1 
year with 
minimal
weight, risk 
of fire

FV: hole-free volume theory of 

diffusion
(r=rigid and f=flexible solutes)

FH: Flory Huggins 

approximation of chemical 

affinities and temperature effects
(2=binary and 3=ternary mixturres,

b= formulation for block polymers)

Y. Zhu, B. Guillemat and O. Vitrac, Frontiers in Chemistry 2019, 7.
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March 11-18
2011

Fukushima-Daichi
disaster as template

d+1: Airborne contamination

d+10: contamination 200 km S

d+4: evacuation ≤ 20 𝑘𝑚

Nov 2017: end of export restrictions to EU



p. 5555

Contamination of food products
after a nuclear disasterCollaborations

FDA (WEAC, Boston, MA,USA)
IRSN (Fontenay-les-Roses, France)

131𝐼
90𝑆𝑟
137𝐶𝑠

Relatively volatile radionuclide can contaminate large areas

Scenarios of food exposure 
accounting for storage and 
packaging conditions

𝐵𝑞

𝑚2

𝐵𝑞

𝑚3

131𝐼
137𝐶𝑠

Combining multiple information with different 
resolutions and obtained on different periods
► Meteorological data
► Dispersion data (measured, simulated)

Collection of mechanisms
with/without packaging

Apple
plugin
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Collaborations
FDA (WEAC, Boston, MA,USA)

IRSN (Fontenay-les-Roses, France)56
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Work in progress wit IRSN
“real-time”dispersion model (1.1 km, 1 hour)

The Fukushima plant today

A tool for first responders
► triage
► orienting future tests
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CHAINED STEPS: where is the critical step?
Risk of contamination by a photoiniator in UV-curing printing ink

STORAGE "BEFORE USE" HOT FILLING FATTY CONTACT

MICROWAVE OVEN HEATINGLONG-TERM STORAGE
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CHAINED STEPS
UV-curing printing ink

60
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CF

HotFilling
(max. 10 
mi@80°C)

Long-term 
storage (max. 
200 
days@25°C)

Microwave 
oven heating 
(max. 5 
min@100°C)

CF

Setoff (max. 100 
days@25°C)

HotFilling (max. 
10 mi@80°C)

Long-term 
storage (max. 
200 
days@25°C)

Microwave 
oven heating 
(max. 5 
min@100°C)

Severity መ𝐶𝐹 step 𝑖 = 𝑓 max 𝐶𝐹𝑀|1→2→⋯→𝑀 − 𝐶𝐹𝑀| Τ1→2→⋯→𝑀 𝑖 , 𝐶𝐹𝑖|𝑖
𝑖

𝑖
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COMPARING THE SEVERITY OF SEVERAL STEPS, PACKAGING DESIGNS, 

SUBSTANCES…

tie layer = EVA

=292=186 (better)

=115
(almost acceptable)

=124

𝑠𝑒𝑣𝑒𝑟𝑖𝑡𝑦 =

100 ×
𝐶𝐹
𝑆𝑀𝐿

Concurrent design (criticality scale)

𝑠𝑒𝑣𝑒𝑟𝑖𝑡𝑦 > 100

Critical step (severity scale)

Critical substance

𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝑖𝑡𝑦 =
σ𝑎𝑙𝑙 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠σ𝑎𝑙𝑙 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒𝑠σ𝑎𝑙𝑙 𝑚𝑜𝑑𝑎𝑙𝑖𝑡𝑖𝑒𝑠 𝑝𝑟 𝑚𝑜𝑑𝑎𝑙𝑖𝑡𝑦 × 𝑠𝑒𝑣𝑒𝑟𝑖𝑡𝑦
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Molecular 

approaches
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http://publications.jrc.ec.

europa.eu/repository/ha

ndle/JRC98028

https://publications.europa.eu

/en/publication-detail/-

/publication/e0845ae1-1b60-

11e7-aeb3-01aa75ed71a1
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The 
problem
at stake
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TRANSPORT

diffusion coefficients 𝑫
and their activation 𝑬𝒂

THERMODYNAMICS

chemical affinity

(Flory-type isotherms)

Worst-case

approaches (arbitrary)

For compliance testing
(Piringer’s equation)

𝐾𝐹/𝑃 = 1 𝑜𝑟 10−3

Group contribution 

methods (fitting)
Decision tree

UNIQUAC, UNIFAC, Flory—Huggins

Theory from first 

principles

(statistical physics)
F

re
e-

vo
lu

m
e 

th
eo

ry
 

(V
re

nt
as

-D
ud

a)

S
el

f-
as

so
ci

at
io

n

th
eo

ry

Full atomistic

simulation

or coarse-grained

(no assumptions)

fo
r 

d
et

ai
le

d
co

ar
se

11 to 13 parameters

restricted to small

and rigid solutes (solvents)

few polymers documented

Tailored
calculations

Journal of Chemical Physics. 2010;132:194902.

Journal of Applied Polymer Science. 2006;101:2167-86.

Food Additives and Contaminants. 2005;22:73-90.

JRC Scientific and Technical Reports EUR 27529 EN.

Ispra (Italy): European Commission; 2015.

European Polymer Journal. 1998;34:797-803.

Kontogeorgis & Folas. Thermodynamic Models for 

Industrial Applications: From Classical and Advanced 

Mixing Rules to Association Theories: Wiley; 2009.

Industrial & Engineering Chemistry Research. 2010;49:7263-80.

Prausnitz, Lichtenthaler & de Azevedo. Molecular Thermodynamics 

of Fluid-Phase Equilibria: Pearson Education; 1998.

Suggestion of reading

Frenkel & Smit. Understanding Molecular Simulation: From Algorithms to Applications. Academic Press 2002.
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ONLINE COURSES & WORKSHOPS (O. Vitrac, visiting scientist at Michigan State University in 2015 – East Lansing, MI, USA)
• https://mediaspace.msu.edu/media/Dr.+Olivier+Vitrac+presentsA+An+atomistic+Flory-Huggins+formulation+for+the+tailored+prediction+of+activity+and+partition+coefficients/1_uzi6h91k

• https://mediaspace.msu.edu/media/Dr.+Olivier+Vitrac+presentsA+Diffusion+coefficients+of+organic+solutes+in+polymersA/1_zz20dgt9

• https://mediaspace.msu.edu/media/WorkshopA+Prediction+of+the+migrationA+beyond+conventional+estimates%2A/1_won1m7aw

State of the art
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https://mediaspace.msu.edu/media/Dr.+Olivier+Vitrac+presentsA+An+atomistic+Flory-Huggins+formulation+for+the+tailored+prediction+of+activity+and+partition+coefficients/1_uzi6h91k
https://mediaspace.msu.edu/media/Dr.+Olivier+Vitrac+presentsA+Diffusion+coefficients+of+organic+solutes+in+polymersA/1_zz20dgt9
https://mediaspace.msu.edu/media/WorkshopA+Prediction+of+the+migrationA+beyond+conventional+estimates*/1_won1m7aw
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𝐾𝑖, Τ𝐹 𝑃, 𝛾𝑖,𝑘
𝑣

𝑘=𝐹,𝑃
P = POLYMER

F = FLUID, FOOD

𝐾𝑖, Τ𝐹 𝑃 =
𝐶𝑖,𝐹
𝑒𝑞

𝐶𝑖,𝑃
𝑒𝑞 =

1

1 − 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦

𝛾𝑖,𝑃
𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠

𝑣

𝛾𝑖,𝐹
𝑣

𝑲𝒊, Τ𝑭 𝑷= 1/50 50

50 × more chemical affinity for P 50 × more chemical affinity for F

Free energy perturbation

exp −
𝐹1 − 𝐹0
𝑘𝐵𝑇

= exp −
𝑈1 − 𝑈0
𝑘𝐵𝑇

0

based on Jarsynski’s equality (1997)

exp −
𝐹1 − 𝐹0
𝑘𝐵𝑇

= exp −
𝑊fast

𝑘𝐵𝑇
0

Thermodynamic integration to extended 

ensembles: 
𝜕

𝜕𝜆
𝐹 =

𝜕

𝜕𝜆
𝑈

𝜆

Replica exchange methods = variant of above 
but without reaction coordinates (Metropolis 
algorithm to select likely configurations)

Possible biases: only thermally accessible 
configurations contribute to exponential 
averaging
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BEYOND COMPRESSIBLE REPRESENTATION
EFFECT OF LOCAL COMPOSITION

72
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EXAMPLE OF PREDICTIONS FOR POLYETHYLENE
PROPANOL, ETHANOL, METHANOL, WATER

↗ 𝑝𝑜𝑙𝑎𝑟𝑖𝑡𝑦

International Journal of Chemical Reactor Engineering. 2010;8.

Industrial & Engineering Chemistry Research. 2010;49:7263-80.

Industrial & Engineering Chemistry Research. 2009;48:5285-301. 73
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EXAMPLE OF PREDICTIONS FOR POLYETHYLENE
WATER-ETHANOL MIXTURES

Ind. Eng. Chem. Res. 2010,  49(16), 7263-7280. 74
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EXTENSIONS TO COPOLYMERS
EFFECT OF ACETYLATION RATE

Industrial & Engineering Chemistry Research. 2017;56:774–87

ACETYLATION RATE

FROM 0 TO 100%

PE PVAc
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PLASTICIZATION AND HISTORY EFFECTS ON SORPTION/DESORPTION
DEVIATION TO IDEALITIES: SORPTION OF N-HEXANE IN PS AT 298 K

Journal of Polymer Science Part B: Polymer Physics 2014, 52, 1252-1258.
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APPROACHES DEVELOPED FOR THE INDUSTRY
OVERVIEW

𝜇𝑖,𝑘
𝑒𝑥𝑐𝑒𝑠𝑠

𝑘=𝑃,𝐹
= ln𝛾𝑖,𝑘

𝑣 = 1 −
1

𝑟𝑘
𝜙𝑘 + 𝜒𝑖,𝑘𝜙𝑘

2

2𝑘𝐵𝑇𝜒𝑖,𝑘 = ℎ𝑖+𝑘 𝑇 + ℎ𝑘+𝑖 𝑇 − ℎ𝑘+𝑘 𝑇 − ℎ𝑖+𝑖 𝑇

𝐾𝑖, Τ𝑃 𝐹
𝑠𝑒𝑚𝑖−𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒

≈
1 − 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦

𝜙𝑖,𝐹
𝑠𝑎𝑡exp 1 + 𝜒𝑖,𝑃

77
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PARTITION COEFFICIENTS WITH AIR
OVERVIEW

>> FMECAKairP acetophenone
LOAD_CHEMSPIDER extraction of ChemSpiderID=7132 ('acetophenone') completed in 10.26 s
LOAD_CHEMISPIDER: updated cache

7132.mat 21-sept.-2015 21:37:19 77.6 kBytes C:\Data\Olivier\INRA\Codes\MS\cache.ChemSpider
CHEMSPIDER reuses cached data for 'acetophenone' (date=21-sept.-2015 21:37:19)

ans =
9.1995e-06

>> FMECAKairP ethylbenzene
LOAD_CHEMSPIDER extraction of ChemSpiderID=7219 ('ethylbenzene') completed in 11.9 s
LOAD_CHEMISPIDER: updated cache

7219.mat 21-sept.-2015 21:42:34 107.1 kBytes C:\Data\Olivier\INRA\Codes\MS\cache.ChemSpider
CHEMSPIDER reuses cached data for 'ethylbenzene' (date=21-sept.-2015 21:42:34)

ans =
2.2485e-04

>> FMECAKairP 'benzoic acid'
LOAD_CHEMSPIDER extraction of ChemSpiderID=238 ('benzoic acid') completed in 5.746 s
LOAD_CHEMISPIDER: updated cache

238.mat21-sept.-2015 21:45:01 41.2 kBytes C:\Data\Olivier\INRA\Codes\MS\cache.ChemSpider
CHEMSPIDER reuses cached data for 'benzoic acid' (date=21-sept.-2015 21:45:01)

ans =
1.3674e-08

Food Additives and Contaminants 2017, 34 (10), 1703-1720

AIChE Journal 2013, 59, 1183-1212

https://github.com/ovitrac/FMECAengine 78
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MAIN EFFECTS ACTING ON DIFFUSION COEFFICIENTS
POLYMER 𝑇𝑔, SOLUTE VOLUME FOR RIGID SOLUTES

𝐷(𝑀, 𝑇)

𝐷(𝑀0, 𝑇)
∝

𝑀

𝑀0

−𝛼 𝑇,𝑇𝑔

Fang X, Vitrac O. Critical Reviews in Food Science and Nutrition. 2017;57:275-312

A. R. Berens, Pure Appl. Chem., 1981, 53, 365 80
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D ≈

1

6

𝜕

𝜕𝑡
𝒙𝑪𝑴 𝑡 − 𝒙𝑪𝑴 0

2
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HOW RANDOM WALKS EMERGE FROM THERMAL VIBRATIONS
MOLECULAR DYNAMICS SIMULATION OF METHOXYBENZENE IN AMORPHOUS POLYETHYLENE AT 298 K

← 1
𝑓1

1
𝑓2

→

D ≈
1

6

𝜕

𝜕𝑡
𝒙𝑪𝑴 𝑡 − 𝒙𝑪𝑴 0

2

82



p. 83n=1
n=2

n=3
n=4

n=5
n=6n=7n=8

𝐷(𝑀𝑎 +𝑀, 𝑇)

𝐷(𝑀𝑎 +𝑀0, 𝑇)
∝

𝑀

𝑀0

−𝛼 𝑇,𝑇𝑔
Diffusivities
in LDPE 
@298K
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MAIN EFFECTS ACTING ON DIFFUSION COEFFICIENTS
SOLUTE FLEXIBILITY, CHAIN LENGTH

Macromolecules 2013, 46(3), 874-888

𝐷 𝑀, 𝑇, 𝑇𝑔 = 𝐷0exp −
𝐸𝑎

𝑏𝑙𝑜𝑏

𝑅𝑇
× exp −

𝐸∗ 𝑀 − 𝐸𝑏𝑙𝑜𝑏
∗

𝑅𝑇

𝑀

𝑀𝑏𝑙𝑜𝑏

−𝛼 𝑇,𝑇𝑔

𝐷0
0 Τ𝐷0

0 8 Τ𝐷0
0 64

same reduction
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EFFECTS OF SOLUTE LENGTH DEPENDS ON TEMPERATURE
AROMATIC & LINEAR SOLUTES

Y. Zhu, F. Welle, O. Vitrac, Soft-Matter 2019, 15, 8912.

ca
se

 o
f 3

 b
lo

bs

n-alkanes in PET (𝑇𝑔=81°C)
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EXTENSIONS TO ANCHORS
SCALING EXPONENTS IN PET, PA6, PS, PVAC

Y. Zhu, F. Welle, O. Vitrac, Soft-Matter 2019, 15, 8912.

𝐷(𝑀, 𝑇)

𝐷(𝑀0, 𝑇)
∝

𝑀

𝑀0

−𝛼 𝑇,𝑇𝑔

Scaling of diffusion for n-alkanes, 1-alcohols, alkyl acetates in 
undocumented polymers (PET, PA6) and well-known ones (PS, PVAc)

86



p. 87

EXTENDED FREE VOLUME THEORY
UNIVERSAL SCALING EXPONENTS

Glassy state Rubber state

𝛼𝑙𝑖𝑛 𝑇, 𝑇𝑔 = 1 +
𝐾𝛼

𝑟 𝑇 − 𝑇𝑔 + 𝐾𝛽

with 𝑟 = ቐ

1 when 𝑇 ≥ 𝑇𝑔
𝛼𝔤
𝛼c

otherwise

Y. Zhu, F. Welle, O. Vitrac, Soft-Matter 2019, 15, 8912.

Fang et al. Macromolecules. 2013;46:874-88

blob

𝐷(𝑀, 𝑇)

𝐷(𝑀0, 𝑇)
∝

𝑀

𝑀0

−𝛼𝑙𝑖𝑛 𝑇,𝑇𝑔
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𝐷 𝑀, 𝑇, 𝑇𝑔 = 𝐷0 𝑀𝑏𝑙𝑜𝑏 exp −
𝐸∗ 𝑀𝑏𝑙𝑜𝑏

𝑅𝑇
exp −෨𝑉1

∗ 𝑀𝑏𝑙𝑜𝑏 𝑃 𝑇, 𝑇𝑔
𝑀

𝑀𝑏𝑙𝑜𝑏

−𝛼𝑙𝑖𝑛 𝑇,𝑇𝑔

PREDICTIONS WIHTOUT FITTING FOR LINEAR SOLUTES
n-alkanes in PET, PA6, PS, PVAc

Y. Zhu, F. Welle, O. Vitrac, Soft-Matter 2019, 15, 8912.

𝑃 𝑇, 𝑇𝑔 =
𝛼𝑙𝑖𝑛 𝑇, 𝑇𝑔 + 𝛽𝑙𝑖𝑛

𝑎𝑙𝑖𝑛 𝑇, 𝑇𝑔

88



p. 89
𝐷𝑎 𝑀, 𝑇 ≈ exp −

𝑀𝑎𝑛𝑐ℎ𝑜𝑟

𝑀𝑎𝑛𝑐ℎ𝑜𝑟 +𝑀

𝐸𝑎
𝑎𝑛𝑐ℎ𝑜𝑟 𝑇

𝑅𝑇

𝑀𝑎𝑛𝑐ℎ𝑜𝑟

𝑀
+ 1

𝑀𝑎𝑛𝑐ℎ𝑜𝑟 +𝑀

𝑀𝑎𝑛𝑐ℎ𝑜𝑟 +𝑀𝑏𝑙𝑜𝑏

𝑀𝑎𝑛𝑐ℎ𝑜𝑟
𝑀

−𝛼𝑙𝑖𝑛 𝑇

𝐷 𝑀, 𝑇

Y. Zhu, F. Welle, O. Vitrac, Soft-Matter 2019, 15, 8912.

To be submitted to Macromolecules

PREDICTIONS WIHTOUT FITTING FOR LINEAR SOLUTES WITH ANCHORS
1-alcohols and alkyl acetates in PA6, PS, PVAc

𝑃 𝑇, 𝑇𝑔 =
𝛼𝑙𝑖𝑛 𝑇, 𝑇𝑔 + 𝛽𝑙𝑖𝑛

𝑎𝑙𝑖𝑛 𝑇, 𝑇𝑔

89
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𝐷 𝜉, 𝑇, 𝑇𝑔 ≈ 𝐷0 𝜉 exp −
𝐸∗ 𝜉

𝑅𝑇
exp −

𝜉

0.24
2 +

𝐾𝛼

𝑟 𝑇 − 𝑇𝑔 + 𝐾𝛽

To be submitted to Macromolecules

PREDICTIONS WIHTOUT FITTING FOR RIGID SOLUTES
water, toluene in PET

toluene in other polymers
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Y. Zhu, F. Welle, O. Vitrac, Soft-Matter 2019, 15, 8912.
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PARIS SMART CITY 2050
Vincent Callebaut Architectures, 2015

Conclusions & Perspectives
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Strong community spirit (sustainable, safety and quality)

Low agriculture 
commodity

and food price

High agriculture 
commodity and 
food price

Individualistic society (individual rights and initiatives valued)

Think
BIG

with modeling

Let’s the food engineer contributes to building the future.

Credits: European 

Commission, JRC
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𝑖𝑔𝑛𝑜𝑟𝑎𝑛𝑐𝑒 =
𝐼𝑇

𝑊𝐻𝐴𝑇 𝐴𝐵𝑂𝑈𝑇 𝐼𝑇

+poor design and GMP

+weak regulation rules
+poor training

=Risk of
Contamination + 
Environmental
impact
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http://modmol.agroparistech.fr/MasterEU2017/
• This lecture: 

http://modmol.agroparistech.fr/masterEU/

• MY LECTURES AT MSU (MI,USA): 
http://www.fshn.msu.edu/events/event/Vitrac
diffusion 
https://mediaspace.msu.edu/media/dr.+olivier+vitrac+presentsa+diffusion+
coefficients+of+organic+solutes+in+polymersa/1_zz20dgt9
PARTITIONING
https://mediaspace.msu.edu/media/Dr.+Olivier+Vitrac+presentsA+An+atom
istic+Flory-
Huggins+formulation+for+the+tailored+prediction+of+activity+and+partition
+coefficients/1_uzi6h91k
SAFETY MANAGEMENT:
https://mediaspace.msu.edu/media/WorkshopA+Prediction+of+the+migrati
onA+beyond+conventional+estimates*/1_won1m7aw

• RISK ASSESSMENT:
https://www.youtube.com/watch?v=7LMnc4czpuY

http://modmol.agroparistech.fr/masterEU/
http://www.fshn.msu.edu/events/event/Vitrac
https://mediaspace.msu.edu/media/Dr.+Olivier+Vitrac+presentsA+Diffusion+coefficients+of+organic+solutes+in+polymersA/1_zz20dgt9
https://mediaspace.msu.edu/media/Dr.+Olivier+Vitrac+presentsA+An+atomistic+Flory-Huggins+formulation+for+the+tailored+prediction+of+activity+and+partition+coefficients/1_uzi6h91k
https://mediaspace.msu.edu/media/WorkshopA+Prediction+of+the+migrationA+beyond+conventional+estimates*/1_won1m7aw
https://www.youtube.com/watch?v=7LMnc4czpuY
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http://fitness.agroparistech.fr


