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THERMODYNAMICS OF MIGRATION

_01 WHAT IS MIGRATION?

_02 DIFFUSION AND DIFFUSION COEFFICIENTS

_03 CHEMICAL AFFINITY… MOLECULAR PREDICTIONS

_04 PREVENTIVE APPROACHES

_05 COMPLEMENTARY TOOLS AND PROSPECTS

CAN CONTAMINATION FROM MATERIALS IN CONTACT BE 

PREDICTED, CONTROLLED AND POSSIBLY AVOIDED?
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WHAT IS MIGRATION?

DIFFUSION

SORPTION

COUPLED MASS TRANSFER

_01
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CONTROVERSY ON THE SAFETY OF PACKAGING MATERIALS

Time, 2010, April 12, 30-36. (7 pages !) 

5
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WHAT IS MIGRATION ?
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MIGRATION ISSUES
= VARIOUS CROSSED MASS TRANSFER FROM THE 

MATERIAL AND THE MEDIUM IN CONTACT

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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MIGRATION MODELING
AUTHORIZED/RECOGNIZED 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 July 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.

[…]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.

EU REGULATION 10/2011/EC
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HOW TO OVERESTIMATE MIGRATION

use a tier approach
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ALL SOFTWARE ARE BUILT ON SIMILAR ASSUMPTIONS
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New trends: OPEN-SOURCE codes
https://github.com/ovitrac/FMECAengine
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SCALE

Probablistic/deterministic Probabilistic (out of equilibrium)

Free energy 
perturbation

exp −
𝐹1 − 𝐹0
𝑘𝐵𝑇

= exp −
𝑈1 − 𝑈0
𝑘𝐵𝑇

Probabilistic (equilibrium)
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DIFFUSION IN POLYMERS

PREDICTING DIFFUSION COEFFICIENTS

_02

Fang X, Vitrac O. Crit. Rev. Food Sci. Nutr. (2014). DOI 10.1080/10408398.2013.849654

Fang X, et al.. Macromolecules (2013) 46 874-888

Durand M et al. J. Chem. Phys. (2010) 132 (19), 194902

Vitrac O., Hayert M., Chem. Eng. Sci. (2007) 62 (9), 2503–2521

Vitrac et al. J. Appl. Polym Sci. (2006), 101 2167-2186
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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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SMALL VS LARGE DIFFUSION COEFFICIENTS (D)

D ≈
1

6

𝜕

𝜕𝑡
𝒙𝑪𝑴 𝑡 − 𝒙𝑪𝑴 0

2

𝐷 = 𝐷0 𝐷 = 4𝐷0
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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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DIFFUSION OF ANISOLE IN POLYETHYLENE (T=298 K)

0.5 ns at 298 K (details) 20 ns full trajectory
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Local and temporary trapping  of additive 

between polymer segments

Additive translation controlled by the 

relaxation of polymer itself and by the rate 

of creation of free volumes.

The relative free volume required for the translation of large additives is smaller as 

displacements of atoms/patterns are more likely not to be correlated together.
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SCALING EXPONENTS
FOR HOMOLEGOUS SERIES OF SUBSTANCES

Macromolecules 2013, 46(3), 874-888

𝐷

𝐷0
∝

𝑀

𝑀0

−𝛼 𝑇,𝑇𝑔
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SCALING EXPONENTS
FOR HOMOLEGOUS SERIES OF SUBSTANCES

≈MELT≈SOLID

aliphatic solutes

aromatic solutes

Blob
Shape/size

91 K

Rouse theoryFree volume theory

Macromolecules 2013, 46(3), 874-888

𝐷

𝐷0
∝

𝑀

𝑀0

−𝛼 𝑇,𝑇𝑔

𝛼 𝑇, 𝑇𝑔 = 1 +
𝐾𝛼

𝑇 − 𝑇𝑔 + 𝐾𝛽
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Formal equivalences between FVT and 
scaling laws
Rubber polymers: 𝑇 > 𝑇𝑔
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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 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



CHEMICAL AFFINITY

PARTITION COEFFICIENTS

HEAT OF SORPTION

_03

HOW MOLECULAR MODELING CAN PREDICT THEM?

Industrial & Engineering Chemistry Research. 2009;48(11):5285-5301.

Int. J. Chem. React. Eng. 2010;8.

Industrial & Engineering Chemistry Research. 2010;49(16):7263-728

Polym. Sci. Part B: Polymer Physics, 2014, 52(19 ), 1252–1258

Nguyen P-M, Guiga W, Dkhissi A, Vitrac O. submitted to I&EC. 2015.
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EFFECT OF PARTITION COEFFICIENT ON MIGRATION

𝐾𝑖,  𝐹 𝑃 =
𝐶𝑖,𝐹
𝑒𝑞

𝐶𝑖,𝑃
𝑒𝑞 =

1

1 − 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦

𝛾𝑖,𝑃𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠
𝑣

𝛾𝑖,𝐹
𝑣

𝑲𝒊,  𝑭 𝑷= 1/50 50

50 times for chemical affinity for P 50 times for chemical affinity for F



Oct 2015

.028

olivier.vitrac@agroparistech.fr 

Oct 2015

MANY METHODS AVAILABLE

Class Models

Group contribution UNIQUAC, UNIFAC, NRTL

Associative model SAFT, PRISM

Optimized for polar and liquid 

phase
(De Anda et al Pol. Eng. & Sci., 2011)

Molecular modelling at atomistic scale Explicit representation of 

entangled chains

Representation of polymer 

chains without entanglement



OFF‐LATTICE FLORY‐HUGGINS FORMULATION OF EXCESS
CHEMICAL POTENTIALS IN BINARY BLEND‐VOID SYSTEMS

29
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Flory expression at infinite dilution in k=P or in k=F
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FLORY HUGGINS APPROXIMATION 

AT ATOMISTIC SCALE

Bawendi et al., J. 

Chem Phys. 1986; 

1987; 1988

Gillet et al., I&EC, 

2009; 2010 ; Vitrac 

and Gilet, Int. J. 

Chem. Reactor Eng. 

2010

ln 𝛾𝑖,𝑘
𝑣 = 1 −

1

𝑟𝑘
𝜙𝑘 + 𝜒𝑖,𝑘𝜙𝑘

2

𝑘 = 𝑃, 𝐹

IDEALIZED POLYMER
CHAINS 𝑘 = 𝑃

EXCESS ENTHALPIES ARE CALCULATED FROM
SIMPLE A MIXING RULE OF PAIR CONTACT ENERGIES

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

ℎ𝐴+𝐵 𝑇 = 𝜀𝐴+𝐵𝑧𝐴+𝐵 𝑇 ≈ 𝜀𝐴+𝐵 𝑇 𝑧𝐴+𝐵
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DETAILS OF THE ENERGY SAMPLING PROCEDURE

Homopolymers

𝜒𝑖,𝑃
𝑛𝑖,𝑃
min

=

ℎ
𝑖+𝑃

𝑛𝑖,𝑃
min

𝑇+ ℎ𝑃+𝑖
𝑛𝑖,𝑃
min

𝑇− ℎ𝑃+𝑃
𝑛𝑖,𝑃
min

𝑇− ℎ𝑖+𝑖 𝑇

2𝑅𝑇

𝑛𝑖,𝑃
min = argmin

𝑛𝑃

𝜒𝑖,𝑃
𝑛𝑃

 ℎ𝑗+𝑘 𝑇 = 𝜖𝑗+𝑘 𝑇 𝑧𝑗+𝑘 + 𝛽𝑗𝑘

In liquids (denoted F ou L)

𝜒𝑖,𝐹 =
ℎ𝑖+𝐹 𝑇+ ℎ𝐹+𝑖 𝑇− ℎ𝐹+𝐹 𝑇− ℎ𝑖+𝑖 𝑇

2𝑅𝑇

For water: ℎ𝐹+𝐹 𝑇 = 4 𝜀𝐴+𝐵 𝑇 𝑧𝐴+𝐵

Pair contact energies Excess enthalpies

𝜀𝐴+𝐵 𝑇 =

 
−∞

+∞

𝜀𝑝𝑟 𝜀 exp −
𝜀
𝑅𝑇

𝑑𝜀

 
−∞

+∞

𝑝𝑟 𝜀 exp −
𝜀
𝑅𝑇 𝑑𝜀



32

FIRST COMPARISONS BETWEEN DIRECT CALUCLATIONS
AND EXPERIMENTS (no fit) – 45 SOLUTES

Polyethylene in contact with

methanol ethanol

isopropanol water+ethanol



METHANOL-POLYETHYLNE PARTITIONING

33

Effect of 

overlapping 

F molecules

reference y=x

volatiles

n-alcohols

n-alkanes



ACETYLATION RATE FROM 0 TO 100%

EXTENSION TO COPOLYMERS (ethylene vinyl acetate)

Mean field approximation (Flory-Huggins ternary : i + PE + PVAc)

𝜒𝑖,𝐸𝑉𝐴
𝑤𝑉𝐴 = 𝜒𝑖,𝑃𝑉𝐴𝑐𝜙𝑉𝐴

𝑤𝑉𝐴 + 𝜒𝑖,𝑃𝐸 1 − 𝜙𝑉𝐴
𝑤𝑉𝐴 − 𝜒𝑃𝑉𝐴𝑐,𝑃𝐸𝜙𝑉𝐴

𝑤𝑉𝐴 1 − 𝜙𝑉𝐴
𝑤𝑉𝐴

Microscopic approach (binary : i + copolymer) : sampling of all possible isomers

PE PVAcEVA33 EVA45

APOLAR POLARITY++



COMPARISON BETWEEN THE MICROSCOPIC AND MEAN FIELD APPROXIMATION

Effect of acetylation rate on 
Configurations of minimal energies : n = 5 

(acetylation rate w/w = 0.82)

Microscopic calculations

mean field approximation



MOLECULAR RESULTS INTEGRATED WITHIN A “SMALL” SOFTWARE

Databases of results

calculated at molecular scale

Small “real-time” software

36
𝑖 =
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PREVENTIVE APPROACHES OF THE 

CONTAMINATION

FMECA APPROACHES

_04

AIChE Journal 59, 1183 (2013).

Chemical Engineering Science 99, 2 (2013).

Journal of Applied Polymer Science 119, 1492 (2011).

Food Additives and Contaminants 26, 1556, (2009).

Food Additives and Contaminants 24, 194 (2007).

Food Additives and Contaminants 24, 75 (2007).

Industrial & Engineering Chemistry Research 45, 7941 (2006).

AIChE Journal 51, 1080 (2005).

Food Additives and Contaminants 22, 956 (2005).
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CROSSED-MASS TRANSFER

BETWEEN MATERIALS

BEFORE 

CONTACT

WITH FOOD

DURING 

CONTACT

WITH FOOD
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TOWARDS NEW CONCEPTS
DEVELOPING COOPERATION BETWEEN STAKEHOLDERS
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TOWARDS NEW CONCEPTS
DEVELOPING COOPERATION BETWEEN STAKEHOLDERS
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TOWARDS NEW CONCEPTS
PREVENTIVE APPROACHES OF FOOD SAFETY

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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Failure Mode Effects Criticality Analysis

List of components and functions

Failure = migration mode tree

Severity = f(CF)
 Dimensionless scale

 Normalized by toxicological data

 Substance and material independent

 Linear to CF for acceptable CF values

and non-linear beyond

Criticality ranking
 by component

 by substance

 by process or storage step

 Comparative designs

Ensuring detectability

via calculations and simulation

LOGICAL STEPS

Nguyen et al. 2013, AIChE J.
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READY TO EAT “CHINESE SOUP”
CHAINED STEPS

STORAGE "BEFORE USE" HOT FILLING FATTY CONTACT

MICROWAVE OVEN HEATINGLONG-TERM STORAGE
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ALL STEPS MUST BE INCLUDED IN THE ANALYSIS

STORAGE "BEFORE USE" CROSS-MASS TRANSFER BETWEEN

INTERNAL AND EXTERNAL SURFACES

"SETOFF"

As soon they cause a redistribution of packaging constituents through 

the different materials (even without food contact).
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ALL STEPS MUST BE INCLUDED IN THE ANALYSIS

47

TRANSFER IN VAPOR PHASE

+STEAM EXTRACTION
MICROWAVE HEATING

Mass transfer in the gas phase cannot be neglected during curing, long-

term storage and oven heating
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CHAINED STEPS

48



Oct 2015olivier.vitrac@agroparistech.fr / UMR 1145 Food Processing and Engineering

.049
Oct 2015

.049

ASSESSING THE SEVERITY OF A SINGLE STEP

CF

HotFilling
(max. 10 
mi@80°C)

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

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

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)

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

stepialonecomparisonwith 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
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AUTOMATIC GENERATION OF MIGRATION SCENARIOS

 9 packaged food products purchased

on the French market in 2011

 Geometry and materials were determined

 Simulation scenarios were automatically generated via an expert system

 Example of inference: distribution of D values

3 scenarios based on

5th, 50th,95th percentiles

Pot PS

Substances::additives

Molecular Mass

Diffusion coefficient 
overestimated  via the 
Piringer’s Formula
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COMPLEMENTARY TOOLS AND PROSPECTS
overview

_05

• Education

• Training

• Research

Ignorance

Miss-conception
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MIGRATION MODELING
STATE OF THE ART

known unknown
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BLIND QUANTITATIVE DEFORULATION

https://github.com/ovitrac/SFPDnmrspec Example:
real PP

Industrial & Engineering Chemistry Research 54, 2667 (2015).



Oct 2015olivier.vitrac@agroparistech.fr / UMR 1145 Food Processing and Engineering

.055
Oct 2015

.055

olivier.vitrac@agroparistech.fr 

Oct 2015

EXPERT SYSTEM

FOOD

milk

ham

babyfood

Biscuit

mustard

DESIGN

bag with
gusset

compartiment
alized tray

doy pack

Heatable pot

Gourd

Etc.

CATEGORY

flexible

rigid

reheatable

printed

storage
before use

Etc.

POLYMER

PS

PA

PVDC

acrylic
adhesive

aluminum

nitro ink

SUBSTANCE

Technolofical
function

chemical
function

IUPAC

CAS

M range

Etc.

FOOD 
STORAGE

frozen

chilled

hot filled

Microwave
heating

Sterilized

OVERVIEW
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EXAMPLES OF GENERATION OF TRANSPORT 

PROPERTIES FOR VOLATILE CONTAMINANTS
• ROUGH ESTIMATES OF A AIR/POLYMER PARTITION COEFFICIENTS

>> 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.mat 21-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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PREDICTIONS vs EXPERIMENTS

𝑚𝑖,𝐹
𝑡

𝑚𝑖,𝑃
0 =

𝑉𝐹

𝑚𝑖,𝑃
0
 

0

𝑡

𝐶𝑖,𝐹
𝑡
𝑑𝜏

Card-
board Air PP Air Tenax

0 to 120 days

Experimental
results

15 solutes

Detailed
modeling

with FMECAengine

https://github.com/ovitrac/FMECAengine

Nguyen et al. 2014,  submitted to I&EC, FAC

n-alkanes at 60°C Photo-initiators

Plasticizers

https://github.com/ovitrac/FMECAengine
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Thank you

Merci

Danke

Thank You 

ขอบคณุคะ่ 

Terima kasih

Dhanyavad

Kam sah hamnida

Xièxie

Gracias

Vielen dank

ευχαριστώ
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http://www.canr.msu.edu/events/vitrac

http://www.packaging.msu.edu/industry_testing_services/downloadable_presentations

http://www.canr.msu.edu/events/vitrac
http://www.packaging.msu.edu/industry_testing_services/downloadable_presentations
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