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http://modmol.agroparistech.fr/MasterEU2017/
• THIS LECTURE: 

http://modmol.agroparistech.fr/APT/

• 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+solut
es+in+polymersa/1_zz20dgt9
PARTITIONING
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
SAFETY MANAGEMENT:
https://mediaspace.msu.edu/media/WorkshopA+Pred
iction+of+the+migrationA+beyond+conventional+esti
mates*/1_won1m7aw

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

http://modmol.agroparistech.fr/LaSalle/
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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DESORPTION OF PACKAGING CONSTITUENTS
(ADDITIVES, MONOMERS AND OLIGOMERS, NIAS…)

monlayer with barrier to diffusion multilayer

1⋙ INTRODUCTION/ MASS TRANSFER PHENOMENA AS OBJECT OF STUDY

SELF-SIMILAR SITUATIONS WHICH OBEY

TO THE GENERAL MODEL OF DIFFSION-SOLUBILIZATION

𝐹𝑜 =
𝐷𝑃𝑡

𝑙𝑃
2
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PERMEATION OFFOOD CONTENTS
PERMEATION FROM ENVIRONMENT

alcoholic beverages radionuclides

1⋙ INTRODUCTION/ MASS TRANSFER PHENOMENA AS OBJECT OF STUDY

Fukushima-Daichi; March 12th, 2011
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OUR MAIN APPLICATIONS
Overview
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What is migration ?
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FOOD PACKAGING INTERACTIONS
Example of sterilized product
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CONTENT

• FOOD PACKAGING OVERVIEW

• PERMEATION & BARRIER MATERIALS

• MIGRATION ISSUES

• TOXICITY

• REGULATION

• DIFFUSION IN POLYMERS

• CONCLUSIONS



FOOD PACKAGING MATERIALS

THERMOPLASTICS, ELASTOMERS



Classification of polymers

Thermoplastics : A thermoplastic, or
thermosoftening plastic, is a polymer that
melts, and returns to a solid state upon
cooling.

Examples : PE, PP, PS, PVC …

Thermosets : A thermosetting plastic, also
known as a thermoset, is polymer
material that irreversibly cures. The cure
may be induced by heat, generally above
200 °C, through a chemical reaction, or
suitable irradiation

Examples : Phenolic, epoxydes …

Elastomers : An elastomer is a polymer with
viscoelasticity (colloquially "elasticity")

Exemples : Silicones, natural rubber …



Polyolefins : PE – PP 

PE (linear, HDPE)
High Density Polyethylene

PE (branched, MDPE)
Medium Density Polyethylene

ramifications
très exagérées

PE (very ramified, LDPE)
Low Density Polyethylene

ramifications
très exagérées

PP (atactic)
Polypropylene

PP (isotactic)
Polypropylene



POLYOLEFINS



PVC
polyvinyl chloride

PS (atactique)
polystyrene

EVOH
polyvinyl alcohol

POLYVINYLS



PET
Polyethylene terepthalate



PC
polybisphenol dimethyl carbonate

POLYCARBONATES



MIGRATION CLASSES

Polymer
Formulation 

level

Degradation 

products

Interaction

s with fatty 

food

Interaction

s with 

alcohols 

and acids

Contamination 

risk

PET +
++ 

(acetaldéhyde, 

cyclic trimer)

- + +

PE +++++
+++

(carbonyled 

compounds)

++++ - +++++

PP +++++
+++

(carbonyled

compounds)

+++ - +++++

PS +++

++
phenol, 

benzaldehyde, 

acetophenone

+++

non 

documente

d

+++(+)

PVC

+++ à 

++++++ (si 

plastifié)

++
HCl

+++

non 

documente

d

+++ to 

++++++
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Polyurethane based 
Sylil terminated polyether based 
Butyl rubber based 
Natural rubber water-based adhesives 
Carboxylated-SBR water-based adhesives

Epoxies 
Modified acrylics 
Cyanoacrylates

Component
Formulation

level

Exposed 

contact 

surface

Interaction 

with food

Contaminatio

n risk

Plastic layer in contact

withfood
+++ +++++ + to +++ +++++

Layer non-intented to be in 

contact with food
+++ +++++ - +++

Cap, lid +++ ++ - to + ++

Gasket +++++ + - to + + to ++

Varnish +++ to +++++ +++++ - +++

Ink +++++ + to +++ - + to +++
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l0: bond length

lp: persistence length

Ф: torsion angle

rg: gyration radius

dee: end-to-end distance

a) Chemical structure

b) Intermingled chains

c) Semi-crystalline structure

d) Poly-crystalline structure

e) Heterogeneous material

CORRESPONDING MOTIONS 

(RELAXATIONS)
Local translation

(between entanglements) full translation
Local reorientations

(shaft motions)



Spherulite
(fluo)

Merging of
Spherulites
(AFM)

Center
of spherulite
(AFM)
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Critical temperatures for polymers

Glass transition temp. 𝑻𝒈

Melting point 𝑻𝒎

𝑻𝒈 ≈
𝟐

𝟑
𝑻𝒎

INRA 27



TOWARDS BIODEGRADABLE POLYMERS

e.g.

polymer Tg (°C) Tm (°C)

PE -120 60

PCL -60 60

PBSA -45 114

PEA -30 112

PBAT -30 110

PHBV15 +5 145

PHB +10 175

PLA +58 +152

EVOH +60 +190

PET +90 +270

Proteins

>200 
@0% RH

Degradation 

before 
melting

Starch

Hemicelluloses

Cellulose

polarity



ADDITIVES
THERMOPLASTICS, ELASTOMERS



FOOD APPLICATIONS

NON FOOD APPLICATIONS

http://images.google.fr/imgres?imgurl=www.plasticsresource.com/disposal/where_it_goes/images/plastics.jpg&imgrefurl=http://www.plasticsresource.com/disposal/where_it_goes/recyclin.html&h=232&w=338&prev=/images?q=plastics&svnum=10&hl=fr&lr=&ie=UTF-8&oe=UTF-8




COMMON ADDITIVES AND CONCENTRATION RANGES IN 
INITIAL MATERIALS

PE PP PS PVC PET PVA PC Epoxy PA

Antioxidant B B B x B

Heat stabilizer B/C B

UV stabilizer B/C B/C C C C

Antistatic agent X X X x x x x x

Shock agent x X X x x x x

Initiator D D D

Catalyst D D D D D

Lubricant X X X x x x

Plasticizer A A A A

Charges A A A A A A A A A

A >10 000 mg·kg-1 – B = 100-5000 mg·kg-1 – C = 100-500 mg·kg-1

D  = 1-100 mg·kg-1 – E < 1 mg·kg-1, x ou X variable amounts (with x>X), 
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The 2,6-ditert-butyl-4-hydroxytoluene
(BHT, B121) is the simplest phenolic
antioxidant. It yields a stable phenoxy
radical i) by mesomery, ii) steric effect
due to large tert-butyl, and iii)
captodative effect.
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Conrad et al. (2004)

test containers with red drink after three 

days of UV exposure.

O

Benzo[a]pyrene, 
carcinogenic impurity 
(< 0,25 mg/kg C)  

specifications for the HAP

Carbon black
PM 42080
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MIGRATION ISSUES
PAST CRISES, DIFFUSION-SOLUBILIZATION, REGULATION
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BPA
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diisocyanate

ITX

MOA

biocides
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http://ec.europa.eu/food/food/rapidalert/index_en.htm

http://ec.europa.eu/food/food/rapidalert/index_en.htm


Example



List of substances

2011 figures



BISPHENOLS
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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 

C
u
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20

18
, 2

8,
1

REGULATION 

2018/213/EC



Cottier 1997, 1999, Paseiro 1995, Philo 1997

H2O, H+

(in acid food)

HCl, Cl-

(in food containing salt)

mainly
during can
sterilization

bis diol

chlorohydrine

Badge 
= starting substance of phenolic expoxides,

plasticizer and stabilizer
of vinylic organosols

MUTAGENESIS
OXY GROUP

MUTAGENESIS
CHLOROHYDRINES

MUTAGENESIS
RINGS

EPOXIDE=reactive migrants





# 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

SCF-derivatives

Cyclo-di-
BADGE

chain stopper adductsSolvent adducts

>

resin 
components
< 1000 Da
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SCREENING OF MIGRANTS FROM CAN COATINGS <1000 Da

SAMPLE: STANDARD EPOXY-COATING, MECN-EXTRACT





BPA

PRESENCE IN FOOD CONSUMER EXPOSURE

Source: Chemical analyses of 97 canned foods by Southern Testing and Research 

Division of Microbac Laboratories, Inc., North Carolina



Google Trends – 2003-present

bisphenol A



LOI no 2012-1442 du 24 décembre 2012 visant à la 

suspension de la fabrication, de l’importation, de 

l’exportation et de la mise sur le marché de tout 

conditionnement à vocation alimentaire contenant du 

bisphénol A.

« Cette suspension prend effet, dans les mêmes 

conditions, au 1er janvier 2015 pour tout autre 

conditionnement, contenant ou ustensile 

comportant du bisphénol A et destiné à entrer 

en contact direct avec des denrées 

alimentaires.

« Avant le 1er juillet 2014, le Gouvernement remet au 

Parlement un rapport évaluant les substituts 

possibles au bisphénol A pour ses applications 

industrielles au regard de leur éventuelle toxicité. 

»

Epilogue



UPDATE 2018



UPDATE 2018

Horan et al., 2018, Current Biology 28, 1–7



PHOTOINITIATORS



Name of chairman

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


Name of chairman

But what about

food packaging

?

Semicarbazide/SEM

Organic solvents/

residues Bisphenol A diglycidyl 

ether (BADGE)

Nonylphenol

NP



"It is incredible that such defenceless beings as 
babies should face such serious risks in a 
product as widely used as milk" 



IS FOOD PACKAGING SAFE ?

photoinitiator
used in UV, curing 
resins, inks, 
coatings and 
adhesives
M=241 g·mol-1



RAPPEL



"It is incredible that such defenseless beings as 
babies should face such serious risks in a 
product as widely used as milk" 

62



MODELING WOULD HAVE BEEN ABLE TO PREDICT ITX VALUES IN FOOD?

.Food Additives and Contaminants Part a-Chemistry Analysis Control Exposure & Risk Assessment, 2009, 26(12), 1556-1573.

Migration
In water

Fat
simulant

acceptable
SML

M=241 g·mol-1

http://dx.doi.org/10.1080/19440040903271355


IS FOOD PACKAGING SAFE ?



MINERAL OILS
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Coupled mass transfer
between the food product and the packaging material



CONTEXT: EXAMPLES NOT COVERED BY SPECIFIC MEASURES: NON-
SPECIFICALLY REGULATED MATERIALS, DRY AND AQUEOUS FOOD FALSELY CONSIDERED SAFE

CONTAMINATION OF NODDLES BY RECYCLED 

FIBERS OF SECONDARY PACKAGING

After 65 days of contact, 6.1 mg/kg of paraffins found in noodles stored

in boxes in top and bottom positions. Estimated migration at shelf life (2

years) : 10 mg/kg

(Biedermann et al., 2011;  Packaging Technol & Sci 2011, 24, 281-290)

CONTAMINATION OF FRESH FRUITS

BY PRINTED TABLE NAPKIN

Migration of o-anisidine (primary aromatic amine): printed 

paper 17.5 µg/l→ kiwi: 5.3 µg/l (migration rate: 17 %)

(Helling, 2011)
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MOH SURVEY
FOOD WATCH – October 2015

http://www.foodwatch.org/fr/presse/communiques-de-presse/page-detail-

communiques-de-presse/des-hydrocarbures-dans-nos-assiettes-

foodwatch-tire-le-signal-dalarme/



TOXICITY
ACUTE TOXICITY vs NEW TRENDS



TURN INTO CONSTRUCTIVE 
CONTROVERSY

Draw a 
conclusion

State your
case

Hear
different

conclusions

Feel
uncertain

Search for 
better

understanding

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





CARCINOGEN POTENCIES

Doses at a Constant Risk
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based on acute toxicology 
concepts



ACUTE TOXICOLOGY





Endocrine Reviews, 2012, 33(3):378–455

800 studies



• LOW-DOSE EFFECT SUBSTANCES



DIETHYLSTILBESTROL 
• HIGH DOSE: 10 000 PPB EXPOSURE • LOW DOSE: 1 PPB EXPOSURE

Newbold RR, Padilla-Banks E, Jefferson WN, Heindel JJ
2008 Effects of endocrine disruptors on obesity. Int J Androl
31:201–208



CONTROVERSY ON THE SAFETY OF PACKAGING MATERIALS
Nat. Rev. Endocrin.

6 (2010), 237

Water Research

46(2012), 571-583

[…]

Genotoxic and estrogenic activities in PET-
bottled water have been reported. 
Chemical mixtures in bottled water have 
been suggested as the source of these 
toxicological effects. […]

Formaldehyde, acetaldehyde and 
antimony are clearly related to migration 
from PET into water. However, several 
studies have shown other theoretically 
unexpected substances in bottled water. 
The origin of these compounds has not 
been clearly established (PET container, 
cap-sealing resins, background 
contamination, water processing steps, 
NIAS, recycled PET, etc.).

[….]



ESTROGENIC COMPOUNDS FROM PET??

2 RECENT STUDIES (Italian and German) on drinking water

1) involving a recombinant yeast−based in vitro assay (March 2009 in

International Journal of Hygiene and Environmental Health)➔estrogenic activity was
assessed in 30 PET−bottled mineral water samples. Ninety percent of
the samples tested negative for estrogenic activity. Of the remaining
samples, most showed measurements corresponding to a range of 14–
23 ng/L estradiol equivalents—similar to the estrogen burden posed
by treated drinking water derived from groundwater and river water
(15 and 17 ng/L estradiol equivalents, respectively).

2) Involving mud snails (Potamopyrgus antipodarum) (10 March 2009,

Environmental Science and Pollution Research) ➔ PET-housed snails produced up
to twice as many embryos as glass-housed snails..

Reference = glass bottle water with same water.



RISK ASSESSMENT

INRA 80



http://www.efsa.europa.eu

INRA
81



> 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

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


REGULATION
EUROPE
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PRINCIPLES OF FOOD INERTIA: A LONG HISTORY

Le règlement de 1908: « …aucune substance alimentaire ne doit contenir de produit nuisible, produit chimiques… »

1⋙ INTRODUCTION/ FOOD SANITARY CONTEXT
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YOUR ROLE
ROUTINE ASSESSMENT Risk Tradeoff

Risk balancing Conflicts

Scientifc 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
ro

le
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WHAT IS RISK?
Risk is a function of perception and representation

Packaging

substances



EXPERTISE, DIAGNOSIS



https://ec.europa.eu/food/safety/chemical_safety/food_contact_materials_en
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Regulation 10/2011/EC
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SPECIFIC RULES FOR PLASTICS
COMPLIANCE ISSUES
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Risk assessment vs risk management
502 substances (including 230 monomers and 272 additives) among the 937, which are 
positively listed in EU directives on plastics in contact with food, are subjected to (SML) 
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SPECIFIC EU RULES FOR PLASTICS FOR FOOD CONTACT

list of substances

purity standard for substances

overall migration limits: OML
(60 mg/kg or 10 mg/dm2)

specific migration limits: SML

other rules ensuring safety and inertness

compliance, sampling, analytical 
methods, migration modeling

traceability

declaration of compliance

exclusively plastics

Plastic multilayers or layers tied with 
adhesives

Plastic layers, coatings forming gaskets

Plastic layers in multi-materials

Materials can be regulated 

alone or in combination with 

other materials

Plastic materials

LOW MIGRATION

PRINCIPLES

LOW TOXICITY
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CHAINED STEPS, COMBINED MATERIALS
Supply chain

Cap

Lid

Bottle body
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CROSSED-MASS TRANSFER
BETWEEN MATERIALS

BEFORE 

CONTACT

WITH FOOD

DURING 

CONTACT

WITH FOOD
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HETEROGENEOUS EU REGULATIONS
Variable concepts

Paper & board, 1935/2004/EC
Adhesives, 1935/2004/EC
Metals
Plastics, 10/2011/EC
Printings, 1935/2004/EC
Coatings, 1935/2004/EC

POSITIVE LIST (LOW TOXICITY: 
monomers, additives)
LOW MIGRATION

GENERAL REQUIREMENT:
MUST NOT ENDANGER 
HUMAN HEALTH

17 groups of materials listed in Annex 1 of regulation 1935/2004/EC are still not covered by specific measures.

They must be produced according to Good Manufacturing Practices (Regulation  2023/2006/EC)

incl. 3 pillars: quality assurance system, quality control system, documentation.
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Chain of responsability along the supply chain
Material vs Information flux

Information on composition

Information on final use

Upstream

Converters

e.g. Adhesive
industry

Packaging 
filler

Retailer

Consumer

traceability

Q
uality

C
ontrol

Q
uality

C
ontrol

Trigger

initiation/update

Trigger

initiation/update





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

Recyling plastics for food contact
REGULATION 282/2008/EC
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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.

RECYCLED PET FOR FOOD CONTACT IS ATHORIZED (282/2008/EC)
RECYCLED POLYOLEFINS IS AUTHORIZED ONLY IN GERMANY

RECYCLED PAPER AND BOARDS IS SOURCE OF RECURING CRISES IN EU



Our impact on practices in other countries

Our approaches developed jointly with EU are a model for several 
countries and industries (medical devices, biotechnology, cosmetics…) 



DIFFUSION IN POLYMERS

OVERVIEW, BARRIER PROPERTIES, MIGRATION ISSUES
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MIGRATION ISSUES
CROSSED MASS TRANSFER OF FOOD CONTACT 

MATERIALS AND FOOD CONSTITUENTS

Plasticization, swelling
Induced-crystallization
Induced-reactions

partition wetting
adsorption

tracer diffusion
mutual diffusion
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blooming

additive

food constituent
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t0 = 0 hour

t1 = 10 hours

t2 = 30 hours

D small

𝜕C

𝜕𝑡
=

𝜕

𝜕𝑥
𝐷
𝜕𝐶

𝜕𝑥

D large
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Molecules are 

represented as 

jumping beads. 

They have equal 

probabilities to 

hop to left and 

right directions.

The direction of  

the next hop at 

microscopic 

scale is indicated 

by the direction 

towards beads 

are staring.
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Interpretation of the net flux J (first Fick Law) as the microscopic exchange of molecules 

at frequency ν between states 1 and 2 separated by a distance dx.

Mutual diffusion of additive
Among polymer segments
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DIFFUSION IN POLYETHYLENE (0.5 NS SIMULATION, T=298 K)

10 molecules of helium 10 molecules of methane

D ≈
1

6

𝜕

𝜕𝑡
𝒙𝑪𝑴 𝑡 − 𝒙𝑪𝑴 0 2
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SCALING D WITH SOLUTE SIZE
STIFF DIFFUSANTS

From: A. R. Berens, Pure Appl. Chem., 1981, 53, 365
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SCALING EXPONENTS
FOR VARIOUS POLYMERS

Crit. Rev. Food Sci. Nut. 2015 (Fang & Vitrac)

http://www.tandfonline.com/doi/full/10.1080/10408398.2013.849654
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ACTIVATION OF DIFFUSION BY TEMPERATURE

BELOW TG, ABOVE TG

For each temp. range: 𝐷 = 𝐷0 ⋅ exp
−𝐸𝑎

𝑅⋅𝑇
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SCALING ACTIVATION ENERGY
VARIOUS DIFFUSANTS IN VARIOUS POLYMERS

Ea 𝑀
≈ Ea 𝑀0

+ 𝑙𝑛 𝑀/𝑀0

Crit. Rev. Food Sci. Nut. 2015 

(Fang & Vitrac)

http://www.tandfonline.com/doi/full/10.

1080/10408398.2013.849654



16/01/2020

.0112

INTUITIVE DEFINITION OF PARTITION COEFFICIENTS

𝐾𝐹/𝑃 =
𝐶𝐹
𝑒𝑞

𝐶𝑃
𝑒𝑞=1

𝐾𝐹/𝑃 =
𝐶𝐹
𝑒𝑞

𝐶𝑃
𝑒𝑞 < 1

thermodynamical equilibrium

initial state
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EFFECT OF PARTITION COEFFICIENT ON MIGRATION

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 times for chemical affinity for P 50 times for chemical affinity for F
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MIGRATION MODELING
AUTHORIZED IN EU, US, China

At each stage of manufacture, supporting 
documentation, substantiating the declaration 
of compliance, should be kept available for the 
enforcement authorities. Such demonstration 
of compliance may be based on migration 
testing. As migration testing is complex, costly and 

time consuming it should be admissible that 

compliance can be demonstrated also by 

calculations, including modelling, other analysis, and 

scientific evidence or reasoning if these render 

results which are at least as severe as the migration 
testing. Test results should be regarded as valid 
as long as formulations and processing 
conditions remain constant as part of a quality 
assurance system.

To screen for specific 
migration the migration 
potential can be calculated 
based on the residual content 
of the substance in the 
material or article applying 
generally recognised diffusion 
models based on scientific 
evidence that are constructed 
such as to overestimate real 
migration.

REGULATION 10/2011/EC
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HOW TO OVERESTIMATE MIGRATION
MODELING CAN DEMONSTRATE COMPLIANCE 
BUT NOT NON-COMPLIANCE
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MIGRATION MODELING
STATE OF THE ART (from lab to industry, from lab to food safety agencies)

SCALE

Probablistic/deterministic Probabilistic (no equilibrium)

Free energy 
perturbation

exp −
𝐹1 − 𝐹0
𝑘𝐵𝑇

= exp −
𝑈1 − 𝑈0
𝑘𝐵𝑇

Probabilistic (equilibrium)

properties migration exposure
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ALL SOFTWARE ARE BUILT ON SIMILAR ASSUMPTIONS
h
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New trends: OPEN-SOURCE codes
https://github.com/ovitrac/FMECAengine
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DIMENSIONLESS FORMULATION

MONOLAYER / DIFFUSION + SORPTION

𝐶𝑃 , 𝑙𝑃 , 𝑚𝑃, 𝑉𝑃 , 𝜌𝑃

► 𝐶𝐹 , 𝑚𝐹 , 𝑉𝐹 , 𝜌𝐹

► 𝐾𝐹/𝑃 =
𝐶𝐹
𝑒𝑞

𝐶𝑃
𝑒𝑞

► 𝐹𝑜 =
𝐷𝑃𝑡

𝑙𝑃
2

► 𝐿𝑃/𝐹 =
𝑚𝑃

𝑚𝐹
=

𝜌𝑃𝑉𝑃

𝜌𝐹𝑉𝐹

► 𝐵𝑖 =
𝑅𝐷

𝑅𝐻
=

𝑟𝑒𝑠𝑖𝑡𝑎𝑛𝑐𝑒
𝑡𝑜 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑖𝑛 𝑃

𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝑡𝑜 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑖𝑛 𝐹

𝐶 =concentration, 𝑙 =thickness, 𝑚 =mass, volume, 𝜌 =density

𝐾 =partition coefficient (relative to mass concentration), 𝐿 =dilution factor, 𝐹𝑜 =Fourier number

𝐷diffusion coefficient, 𝐵𝑖 =mass Biot number, ℎ =surface mass transfer coefficient coefficient
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MASS BALANCE
FROM TOTAL MIGRATION TO PARTITION 
CONTROLLED MIGRATION 

𝐶 =concentration, 𝑙 =thickness, 𝑚 =mass, volume, 𝜌 =density

𝐾 =partition coefficient (relative to mass concentration), 𝐿 =dilution factor, 𝐹𝑜 =Fourier number

𝐷diffusion coefficient, 𝐵𝑖 =mass Biot number, ℎ =surface mass transfer coefficient coefficient

food

packaging

packaging

= +
SI=kgm-3 SI=kgkg-1SI=m3

geometry effect

𝜌P ⋅ VP ⋅ 𝐶𝑃
𝑡=0 𝜌𝐹 ⋅ V𝐹 ⋅ 𝐶𝐹

𝑒𝑞

𝜌𝑃 ⋅ VP ⋅ 𝐶𝑃|𝑒𝑞

𝐿𝑃/𝐹 =
𝜌𝑃𝑉𝑃
𝜌𝐹𝑉𝐹

partitioning

𝐾𝐹/𝑃 =
𝐶𝐹
𝑒𝑞

𝐶𝑃
𝑒𝑞

𝐶𝐹
𝑒𝑞

=
1

1

𝐿𝑃/𝐹
+

1

𝐾𝐹/𝑃

𝐶𝑃
𝑡=0

Intial
state

foodEquilibrium
state
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DIMENSIONLESS MIGRATION KINETICS
MONOLAYER MATERIAL
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DIMENSIONLESS MIGRATION KINETICS
MONOLAYER MATERIAL / WORST CASE

96 % of the whole migration

► 𝐾𝐹/𝑃 =
𝐶𝐹
𝑒𝑞

𝐶𝑃
𝑒𝑞 → ∞, 𝐿𝑃/𝐹 =

𝑚𝑃

𝑚𝐹
=

𝜌𝑃𝑉𝑃

𝜌𝐹𝑉𝐹
→ 0, 𝐵𝑖 =

𝑅𝐷

𝑅𝐻
→ ∞

𝑀=
𝐶𝐹

𝐹𝑜

𝐶𝐹
𝑒𝑞

𝐹𝑜 𝐹𝑜
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DIMENSIONLESS MIGRATION KINETICS
MONOLAYER MATERIAL

12 % of the
whole migration

Fo = 0.01

► 𝐾𝐹/𝑃 =
𝐶𝐹
𝑒𝑞

𝐶𝑃
𝑒𝑞 → ∞, 𝐿𝑃/𝐹 =

𝑚𝑃

𝑚𝐹
=

𝜌𝑃𝑉𝑃

𝜌𝐹𝑉𝐹
→ 0, 𝐵𝑖 =

𝑅𝐷

𝑅𝐻
→ ∞

𝑀=
𝐶𝐹

𝐹𝑜

𝐶𝐹
𝑒𝑞 𝑀=

𝐶𝐹
𝐹𝑜

𝐶𝐹
𝑒𝑞

𝐹𝑜 =
𝑡𝐷𝑃

𝑙𝑃
2

𝐹𝑜 =
𝑡𝐷𝑃
𝑙𝑃
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RULES OF THUMB
FOR WORST CASE SCENARIOS
MONOLAYER MATERIAL

M=
𝐶𝐹

𝐹𝑜

𝐶𝐹
𝑒𝑞

Dimension-less
migration 

(migration ratio)
Fo=

𝑡𝐷𝑃

𝑙𝑃
2

Dimension-
less time

≈ 100% 1

≈ 50% 0.2

≈ 10% 0.01

Time to reach a given migration ratio: t = 𝐹𝑜
𝑙𝑃
2

𝐷𝑃

Concentration in food at time t: 𝐶𝐹 𝑡 = 𝑀 𝐹𝑜 ⋅ 𝐶𝐹
𝑒𝑞
= 𝑀 𝐹𝑜 ⋅

𝐾⋅𝐿

𝐾+𝐿
⋅ 𝐶𝑃

𝑡=0

► 𝐾𝐹/𝑃 =
𝐶𝐹
𝑒𝑞

𝐶𝑃
𝑒𝑞 → ∞, 𝐿𝑃/𝐹 =

𝑚𝑃

𝑚𝐹
=

𝜌𝑃𝑉𝑃

𝜌𝐹𝑉𝐹
→ 0, 𝐵𝑖 =

𝑅𝐷

𝑅𝐻
→ ∞

𝑀

𝐹𝑜
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MODELING EXISTS ALSO FOR
MULTILAYERS

ARBITRARY COORDINATE SYSTELS

CHAINED STEPS

6cm 1mm 20µm
50µm

LA
B

EL
A

D
H

ES
IV

E

P
O

LY
M

ER

FO
O

D

10cm

5cm LABEL

Henry isotherm: 𝑝 = 𝑘𝐶, 𝑘=Henry coefficient

Diffusive flux: 𝐽𝑗 = −𝐷𝑗 ⋅ 𝜌𝑗 ⋅
𝜕𝐶𝑗

𝜕𝑥
= −

𝐷𝑗⋅𝜌𝑗

𝑘𝑗
⋅
𝜕𝑝𝑗

𝜕𝑥
= −𝛼𝑗 ⋅

𝜕𝑝𝑗

𝜕𝑥

Transport equation: 𝛿𝑗 ⋅
𝜕𝑝𝑗

𝜕𝑡
=

1

𝑥𝑚
𝜕

𝜕𝑥
𝑥𝑚 ⋅ 𝛼𝑗 ⋅

𝜕𝑝𝑗

𝜕𝑥

𝛼𝑗 =
𝐷𝑗 ⋅ 𝜌𝑗

𝑘𝑗
= 𝐷𝑗 ⋅ 𝛿𝑗

cartesian (𝑚 = 0), cylindrical ((𝑚 = 1), spherical (𝑚 = 2) coordinates



SIMULATION OF MULTILAYER MATERIALS

Functional barrier = barrier to 
diffusion + sorption

Idem + low chemical affinity for the 
food

prop Layer 3 Layer 2 Layer 1 Food

C0 0 1 0 0

l/l0 1 1 1 100

D/D0 1 1 0.1 104

k/k0 1 50 1 1

prop Layer 3 Layer 2 Layer 1 Food

C0 0 1 0 0

l/l0 1 1 1 100

D/D0 1 1 0.1 104

k/k0 1 50 1 20
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MODELING EXISTS ALSO FOR
CHAINED STEPS

STORAGE "BEFORE USE" HOT FILLING FATTY CONTACT

MICROWAVE OVEN HEATINGLONG-TERM STORAGE
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CHAINED STEPS

128
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ASSESSING THE SEVERITY OF A 
SINGLE STEP
CASE OF "SETOFF” STEP

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)

CF

HotFilling
(max. 10 
mi@80°C)

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

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

Full methodology described in AIChE J. 2013, 59(4), 1183-1212

( )( )
1 2 1 2

ˆSeverity step max ,
M M iF F F F

M M i i

stepi alonecomparisonwith stepi removed

C i f C C C
→ → → → → →

  
  

= −  
  
  
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COMPARING THE SEVERITY OF A SEVERAL STEPS, 
PACKAGING DESIGNS, SUBSTANCES…

CASE OF "SETOFF” STEP

Full methodology described in AIChE J. 2013, 59(4), 1183-1212

tie layer = EVA

=292=186 (better)

=115
(almost acceptable)

=124



CONCLUSIONS

COMPUTER-AIDED DESIGN

PREVENTIVE APPROACHES



aroma

texturing, stabilizing agents

foaming agents

preservatives 

coloring 

other additives

vitamins

salts

fibers

water

carbonates

acidifying

pulps

vegetal extracts

concentrates

sweeteners

syrups

oxygen barrier

UV filter

vapor control

leaks (sealants, stoppers)

use, retailing properties

microbial barrier

FO
O

D
 P

A
C

K
A

G
IN

G
 D
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N



foodstuff

consummer
convenience

ecological
aspects

production
parameters

lesgislation

food safety

PACKAGING
REQUIREMENTS

shelf life

best
practices
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TOWARDS NEW CONCEPTS
PREVENTIVE APPROACHES OF FOOD SAFETY



poor design, GMP
weak regulation rules

poor training

HUMAN RISK

𝑖𝑔𝑛𝑜𝑟𝑎𝑛𝑐𝑒 =
𝐼𝑇

𝑊𝐻𝐴𝑇 𝐴𝐵𝑂𝑈𝑇 𝐼𝑇
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TOWARDS NEW CONCEPTS
DEVELOPING COOPERATION BETWEEN STAKEHOLDERS
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TOWARDS NEW CONCEPTS
DEVELOPING COOPERATION BETWEEN STAKEHOLDERS



MAIN STEPS TO REVIEW

138



■ Exclusion/Negative lists

■ Recommended substances

■ Purity/traceability requirements

■ Migration (less than 10 ppb for non 

evaluated substances) and risk 

assessments

■ Inks prepared according to GMP

■ No-direct contact with food

■ No “visible’ Set-off in stacks and reels

■ No recycled paper or paperboard

■ No MOSH below C20, migration <2 ppm for 

C20-C35

■ Migration of MOAH (C16-C35)<0.5 ppm

■ List of raw materials and production aids

■ No holding/reheating above 90°C

■ No microwave uses

■ With internal bag

• PRINTING INKS
(EUPIA guidelines to be revised)

• MINERAL OILS

139
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