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Food inertia: a long history
The 1908 regulation: "...no food substance shall contain any harmful product, chemical..."
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Assessing migration and exposure to chemicals

https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P100BCMB.TXT
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“We have reviewed the proposed recycling 

process as well as the information you 

obtained from surrogate testing and 

migration modeling, which were submitted to 

demonstrate the capability of the proposed 

recycling process to remove potential 

contaminants from PCR-PET.

Based on our review of these data, we 

have determined that the proposed 

recycling process, as described in the 

subject submission, ….”

https://www.fda.gov/Food/IngredientsPackagingLabelin

g/PackagingFCS/RecycledPlastics/default.htm

EU REGULATION 
10/2011/EC on plastics
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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

European point of view on the 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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Circularity
by design
by recycling
by alternative feedstocks
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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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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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𝐹𝑜 =
𝐷𝑃𝑡

𝑙𝑃
2 = 𝐷𝑃 𝐾𝑖,𝐹/𝑃 =

𝐶𝑖,𝐹
𝑒𝑞

𝐶𝑖,𝑃
𝑒𝑞

monolayer with barrier to diffusion multilayer
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http://publications.jrc.ec.europa.eu/reposi

tory/handle/JRC98028

https://publications.europa.eu/en/publication-detail/-

/publication/e0845ae1-1b60-11e7-aeb3-01aa75ed71a1
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𝐶𝐹
𝑡𝑖𝑒𝑟 1

estimated

concentration

in food 𝑪𝑭
𝒕𝒊𝒆𝒓 𝟏 𝐶𝐹

𝑡𝑖𝑒𝑟 2 𝐶𝐹
𝑡𝑖𝑒𝑟 3 𝐶𝐹

𝑡𝑖𝑒𝑟 4 𝐶𝐹
𝑡𝑖𝑒𝑟 5 𝐶𝐹

𝑡𝑖𝑒𝑟 6

1 2 3 4 5 6

> > > > >

Threshold
of concern:

𝑪𝒕𝒉𝒆𝒔𝒉
(e.g., SML)

𝐶𝐹
𝑡𝑟𝑢𝑒

Compliance cannot be 
demonstrated: use a higher 
tier or test experimentally 
compliance

Compliance can be 
demonstrated

𝐶𝑡ℎ𝑟𝑒𝑠ℎ > 𝐶𝐹
𝑡𝑖𝑒𝑟

N
o

t 
ac

ce
ss

ib
le

 
to

 m
o

d
el

in
g

More knowledge, more sophistication

▪ conservatism
▪ reliability
▪ consistency 𝐷𝑖,𝑃 𝐾𝑖,𝐹/𝑃

▪ parsimony
▪ proportionality



p. 13

migration

direct contact

without food

heat curing UV curing

with 
food

liquid solid

without contact

paper & 
board others



p. 14

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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STORAGE "BEFORE USE" HOT FILLING FATTY CONTACT

MICROWAVE OVEN HEATINGLONG-TERM STORAGE
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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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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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Contamination
without contact
Cross-contamination=Main of NIAS and new 
(old) routes of contamination

old routes but new issues
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Experimental 
results 

at 60°C, i=1…15

Detailed 
modeling

with FMECAengine

Simplified 
modeling

Solute independent

𝑪𝑭 𝑻, 𝒕, 𝒊
i = 1..15 solutes

at any 

temperature

෪𝑪𝑭 𝑻, 𝒕,𝑴
simplified

at any 

temperature

SURROGATES (I)

Decane (C10)

Tetradecane (C14)

Hexadecane (C16)

Octadecane (C18)

Eicosane (C20)

Tetracosane (C24)

Octacosane (C28)

Dibutyl phthalate (DBP)

Bis(2-ethylhexyl) phthalate (DEHP)

Benzylbutyl phthalate (BBP)

Benzophenone

4-methyl benzophenone (MBP4)

Isopropyl-9H-thioxanthen-9-one

Anthracene

Naphthalene

Car
d-

boar
d

Air PP Air
Ten
ax

𝑚𝑖,𝐹
𝑡

𝑚𝑖,𝑃
0 =

𝑉𝐹

𝑚𝑖,𝑃
0

න

0

𝑡

𝐶𝑖,𝐹
𝑡
𝑑𝜏

60°𝐶
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Migration rate



p. 24

>> 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
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Storage before use of over-
packaging A (0 – 1 year)

Storage of over-packaging A and 
bag B (t1: 0 – 3 years)

Use of bag B with a liquid F 

(t2: 0 – 1 year)

t1 + t2

C
o

n
c.

Redistribution of contaminant 
within the over-packaging

Cross-transfer between over-
packaging and bag

Cross-transfer between bag and 
liquid in use

OUR SCOPE
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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)

Fr
ee

-v
o

lu
m

e 
th

eo
ry

 (
V

re
n

ta
s-

D
u

d
a)

Se
lf

-a
ss

o
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.

29
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D ≈
1

6

𝜕

𝜕𝑡
𝒙𝑪𝑴 𝑡 − 𝒙𝑪𝑴 0

2

• 10 He • 10 CH4

Diffusivities in polymers

30
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𝐷 𝜉, 𝑇, 𝑇𝑔 = 𝐷0 𝜉 exp −
𝐸∗ 𝜉

𝑅𝑇
exp −𝑉1

∗
~

𝜉
𝛼𝑙𝑖𝑛 𝑇, 𝑇𝑔 + 𝛽𝑙𝑖𝑛

𝑎𝑙𝑖𝑛 𝑇𝑔

≈ 𝐷0 𝜉 exp −
𝐸∗ 𝜉

𝑅𝑇
exp −

𝑉1
∗
~

𝜉

0.24 𝑢 + 𝑣𝑇𝑔
2 +

𝐾𝛼

𝑟 𝑇 − 𝑇𝑔 + 𝐾𝛽

Solute effects (any solute)
FV effects (any polymer)
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1 2 n 𝑀 = 𝑛 ⋅ 𝑀𝑏𝑙𝑜𝑏

𝑇 → 𝑇𝑔

𝛼=6

𝛼=2

𝐷𝑙𝑖𝑛(𝑀, 𝑇)

𝐷𝑙𝑖𝑛(𝑀𝑏𝑙𝑜𝑏 , 𝑇)
∝

𝑀

𝑀𝑏𝑙𝑜𝑏

−𝛼𝑙𝑖𝑛 𝑇,𝑇𝑔
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←glassy rubber→

𝐾𝛼 ≈ 150 𝐾
𝐾𝛽 ≈ 40 𝐾

𝐾𝛼 ≈ 252 ± 22 K
𝐾𝛽 ≈ 65 ± 11 K

𝐷𝑙𝑖𝑛(𝑀,𝑇)

𝐷𝑙𝑖𝑛(𝑀𝑏𝑙𝑜𝑏,𝑇)
∝

𝑀

𝑀𝑏𝑙𝑜𝑏

−𝛼𝑙𝑖𝑛 𝑇,𝑇𝑔

𝛼𝑙𝑖𝑛 𝑇, 𝑇𝑔 = 1 +
𝐾𝛼

𝑟 𝑇 − 𝑇𝑔 + 𝐾𝛽

with 𝑟 = ቐ

1 when 𝑇 ≥ 𝑇𝑔
𝛼𝔤
𝛼c

𝑇 < 𝑇𝑔

Sorption kinetics of toluene at 50 °𝐶 (microbalance)

Lutzow et al. (1999)

Zielinski and Duda (1992) 

Lutzow et al. (1999)

Zielinski and Duda (1992) 

Lutzow et al. (1999)

Experimental data from this work

Zielinski and Duda (1992) 

Lutzow et al. (1999)

Ewender and Welle (interal,2014)

Experimental data from this work
Zielinski and Duda (1992) 

Lutzow et al. (1999)

Ewender and Welle (2013, 2018a)

Ewender and Welle (interal,2014)

Experimental data from this work

Zielinski and Duda (1992) 

Lutzow et al. (1999)

Ewender and Welle (2013, 2018a)

Ewender and Welle (interal,2014)

Experimentaldata from this work

Pennarun et al. (2004)

Zielinski and Duda (1992) 
Lutzow et al. (1999)

Ewender and Welle (2013, 2018a)

Ewender and Welle (interal,2014)

Experimental data from this work

Pennarun et al. (2004)

Franz and Welle (2008)

Pickup and Blum (1989)

Zielinski and Duda (1992) 

Lutzow et al. (1999)

Ewender and Welle (2013, 2018a)

Ewender and Welle (interal,2014)

Experimental data from this work

Pennarun et al. (2004)

Franz and Welle (2008)
Pickup and Blum (1989)

Zielinski and Duda (1992) 

Zielinski and Duda (1992) 
Lutzow et al. (1999)

Ewender and Welle (2013, 2018a)

Ewender and Welle (interal,2014)

Experimental data from this work

Pennarun et al. (2004)

Franz and Welle (2008)

Vrentas and Vrentas (1994b)

Pickup and Blum (1989)

Zielinski and Duda (1992) 

Zielinski and Duda (1992) 
Lutzow et al. (1999)

Ewender and Welle (2013, 2018a)

Ewender and Welle (interal,2014)

Experimental data from this work

Pennarun et al. (2004)

Franz and Welle (2008)

Zielinski and Duda (1992)
Vrentas and Vrentas (1994b)

Pickup and Blum (1989)

Zielinski and Duda (1992) 

Zielinski and Duda (1992) 

Lutzow et al. (1999)

Ewender and Welle (2013, 2018a)

Ewender and Welle (interal,2014)

Experimental data from this work

Pennarun et al. (2004)

Franz and Welle (2008)

Glassy state

𝐷 𝜉, 𝑇, 𝑇𝑔 = 𝐷0 exp −
𝐸∗

𝑅𝑇
exp − ෨𝑉1

∗
𝛼𝑙𝑖𝑛 𝑇, 𝑇𝑔 + 1

0.24

parameter water toluene

𝐷0 (m2·s-1) 2.94·10-6 1.87·10-8

𝐸∗ (kJ·mol-1) 26.5±2 0

෨𝑉1
∗ (cm3·g-1) 19.3 84.48

𝑟 when 𝑇 ≤ 𝑇𝑔 0.34±0.03 0.7 (dry)/0.28 (swollen)
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The level of contamination depends essentially on the fatty character of the food in contact

𝐾𝑖, Τ𝐹 𝑃 =
𝐶𝑖,𝐹
𝑒𝑞

𝐶𝑖,𝑃
𝑒𝑞 =

1

1 − 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦

𝛾𝑖,𝑃𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠

𝑣

𝛾𝑖,𝐹
𝑣

𝑲𝒊, Τ𝑭 𝑷= 1/50 50

50 × more chemical affinity for P 50 × more chemical affinity for F
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0: system state without solute
1: system state with one solute

Free energy perturbation: 𝑒𝑥𝑝 −
𝐹1−𝐹0

𝑘𝐵𝑇
= 𝑒𝑥𝑝 −

𝑈1−𝑈0

𝑘𝐵𝑇

based on Jarsynski’s equality: 𝑒𝑥𝑝 −
𝐹1−𝐹0

𝑘𝐵𝑇
= 𝑒𝑥𝑝 −

𝑊𝑓𝑎𝑠𝑡

𝑘𝐵𝑇

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

𝐾𝑖, Τ𝐹 𝑃 =
𝐶𝑖,𝐹
𝑒𝑞

𝐶𝑖,𝑃
𝑒𝑞 =

1

1 − 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦

𝛾𝑖,𝑃𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠

𝑣

𝛾𝑖,𝐹
𝑣
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random coil in 
absence of 

volume 
exclusion

same 
configuration
with excluding 
volumes

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

with ℎ𝐴+𝐵 𝑇 = 𝑧𝐴+𝐵𝜖𝐴+𝐵 𝑇 ≈ 𝑧𝐴+𝐵 𝜖𝐴+𝐵 T

Pair contact energy: 𝜖𝐴+𝐵 𝑇 Number of neighbors: 𝑧𝐴+𝐵

lattice approximation
(incompressible) off-lattice approximation

(incompressible, atomostic scale)

𝜇𝑖,𝑘
𝑒𝑥𝑐𝑒𝑠𝑠

𝑘𝐵𝑇
= 𝑙𝑛𝛾𝑖,𝑘

𝑣 = 1 −
1

𝑟𝑘
𝜙𝑘 + 𝜒𝑖,𝑘

𝑇 𝜙𝑘
2 ≈ 1 −

1

𝑟𝑘
+ 𝜒𝑖,𝑘

𝑇 when 𝜙𝑘 → 0

scaling: 𝑟𝑘 =
𝑉𝑘

𝑉𝑖
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𝐾
𝑖,

𝑃
𝐸

𝑤
𝑎
𝑡𝑒
𝑟

PE: polyethylene

PVAc: polyvinyl acetate

ethylene-vinyl
acetate

𝑎𝑐𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒: 𝜔𝑎

𝜔𝑎 = 0.3

𝜔𝑎 = 0.6
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D
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MISSING

MARGIN

OF SAFETY

Ethanol content
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kcal/mol
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PARIS SMART CITY 2050
Vincent Callebaut Architectures, 2015

Conclusions & Perspectives
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Think
BIG

with modeling
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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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Collaborations
FDA (WEAC, Boston, MA,USA)

IRSN (Fontenay-les-Roses, France)44
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𝑖𝑔𝑛𝑜𝑟𝑎𝑛𝑐𝑒 =
𝐼𝑇

𝑊𝐻𝐴𝑇 𝐴𝐵𝑂𝑈𝑇 𝐼𝑇

+poor design and GMP

+weak regulation rules
+poor training

=Risk of
Contamination + 
Environmental
impact

Let’s foresight modeling support public decision
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• 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_zz20d

gt9

PARTITIONING

https://mediaspace.msu.edu/media/Dr.+Olivier+Vitrac+presentsA

+An+atomistic+Flory-

Huggins+formulation+for+the+tailored+prediction+of+activity+an

d+partition+coefficients/1_uzi6h91k

SAFETY MANAGEMENT:

https://mediaspace.msu.edu/media/WorkshopA+Prediction+of+th

e+migrationA+beyond+conventional+estimates*/1_won1m7aw

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

