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THERMODYNAMICS OF MIGRATION
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WHAT IS MIGRATION?

DIFFUSION
SORPTION
COUPLED MASS TRANSFER
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CONTROVERSY ON THE SAFETY OF PACKAGING MATERIALS

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

SPECIAL REPORT

Plastic

Chemicals in
plastics and other
roducts seem

armless, but
mounting evidence
links them to

Environment:
health problems— ‘ )

How Dangerous |
A and Washington |
IS Pl aStIC? lacks the power to ‘ &

protect us
BY BRYAN WALSH

Inside
Steve’s
Pad

How Jobs works
The tale of the tablet



WHAT IS MIGRATION ?
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Plasticization, swelling partition wetting tracer diffusion
Induced-crystallization adsorption mutual diffusion
Induced-reactions

CONTACT MATERIAL
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MIGRATION MODELING

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.

T—=" SCIENCE & IMPACT

[...]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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Oct 2015



SCIENCE & IMPACT

HOW TO OVERESTIMATE MIGRATION

migration
estimate

use atier approach

40 >>

—
unknown uncertalnty (L
safety margln

our con}ribution
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Realistic Probabilistic
properties scenario
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ALL SOFTWARE ARE BUILT ON SIMILAR ASSUMPTIONS

A SFPP3 client/server = ... DIFFUSION_1DFV2n » O v =~ @

My Information Archived simulations or templates
| acetaldehyds_PET3 [~]
Import properties from a previous result file in the current form
My user: demouser {change user) [ geometry] [formulation ] [contact conditions ] [ transport prop. ]
My project: common (change project) Import a concentration profile

My database: common2013a.sfpp3.database.xml Concentration profile

My Application: Diffusion_1DFV2n (change application) Clear all properties in the current form

INRA\SFPP3 - 2013-04-18 22:03:53

Search migrants/data: @ Migrants (M,SML...) @ Transport Properties
[name/UPAC [+] |Acetaldehyde

Layer selector

Contact conditions Help

Layer 1 Acetaldehyde
@ L_FP 100 m3F-m-3P | import | T— Name: Acetaldehyde (Acetic
° 0| Lmport] | | 1p (import sldlohydesEthanal-Ethyl
3 \m- —— ldehyde; CH3CHO;Acetaldehyd;Aldehyd,
vE [ e [] hop i |kemor [ aldehyde cetaldehyd;Aldehyde

g-cm-3 acetique;Aldeide acetica;NCI-C563...)

CaF e Cmpont| (7] | | €ASi 75-07-0

»

(L) ot B REF: 10060

kg-m=3 or ey A . u A A-
rho_F ageals | import | o_p (import] (7] InChIKey: IKHGUXGNUITLKF-UHFFFAQYSA-N

) ) Formula: C2ZH40
import | Conc. |5[] | | ppm [=] [import | M: 44.053 g/mol

| import | SML: 6 ppm
P EFSA: Group TDI = 0.1 mg/kg b.w. (calculated
E I:I L import | as acetaldeﬁyde {including 13060 ar{ld 23920)
Toxicity profiles similar to methaldehyde. A 2-

_ ear oral rat study and a 3-generation oral rat
[T] Temperature : [impun | gtud\,-r including te‘,;atogenicit%' with
methamethaldehide. The reports on nasal
carcinogenicity after inhalation were
considered without relevance for effects from
oral intake of smaller doses, (adopted at 113rd
SCF meeting)(17- 18 September 1998) L4
http://europa.eu.int/comm/food/fs/sc/scf/out
16 en.html

Fll Renulation: +Posifive [isf

m

Save result as:

Acceptable threshold or
| | specific migration limit D ppm
[Summmary] [ Launch simulation ]

e — I m SFPP3: 3 framework to deploy migration simulation and decision tools O 1 O
— .

o SAFE FOOD PACKAGING PORTAL ©INRA\Olivier Vitrac
—  SCIENCE & IMPACT Oct 2015



New trends: OPEN-SOURCE codes

®

open source
initiative

This regostory Explore  F Enterprise  Blog
GitHub oosn: e Feares  Enterprise GitHub This repository Search Explore Features Enterprise Blog m Sign in

L] ovitrac / FMECAengine @ wWateh ¢

ovitrac / FMECAengine @Watch 1 HStar 1 YFork 2

FMECA software developed in the framework of the project SafeFoodPack Design
hitp /modmol agroparstech. 1/ SFPD.

o 1 Oreleses 1 const
[EQ ¥ v moswr - | FMECAengine / + = ¥ branch- master ~ - FMECAengine / senspatankarC.m
©

i foroad_chernspidorwhen I sed witht any et cacho ) )
T prrp—— 88 ovitrac on 10 May 2014 Major Update - 10/05/2014
i 1 contbutor o]

dorm Mafo Updats - 10052014 11 it sg0
2 Onlmroth m Major Updata - 1010572014 11 months age Executable File 275 lines (252 sloc) 10.03 kb Raw Blame History & » ©
B Dimmm Major Update - 10/05/2014 11 months ago

w2 A % = Z : 1 function res = senspatankarC(F,ploten,dispon)

= 2 %SENSPATANKAR simulates transfer and reactions through n layers using a modified Patankar Method (see p 45)
MECADItor m FMEChangina 51 (mojc updat) - hough okl Sty agn -

% the dimensionless formulation is similar to SENSN A~

MECADgidnges m EMECAsngine 0 51 (major update) - though not fully tested

4 % all data are normalized according the reference layer or equivalently according to the layer with the lowest D/a value
SECHSE = ENEGAgn 8. 51 o apoute) - Wuugh Aok Al S Ay ago 5 % IT IS THE RESPONSABILITY OF THE USER TO PROVIDE THE APPROPRIATE DIMENSIOMLESS MUMBERS
MECAngine_backup WSLP-..  FMECAspine 0.51 (mojor update) - hough nct ful tested % @ wrapper used for the online version is available in ../www/home/diffusion_1DFVn.m bl
MECagpaiymer m FMECAsging 051 (major update) - hough ot ul tested 5 days ago 7
B FMECAKarm FMECAwngine 0 51 (mojor upeate) - though nt fuly estd 5o % MS-MATLAB-WEB 1.8 - 25/@9/89 - Olivier Vitrac - rev. 85/85/14
B FMECApdansity m FMECAengin major update) - though net fully tested
B FMECAwR m FMECAengine 0 51 (major updata) - though not fully tested 5 days ago - ion history

21/18/07 improve speed
16/83/09 add restart
29/84/11 add F.restart.CF

MECAVR m FMECAGngine 0 51 (major update) - though not fully testod

atchingClosingSymbol m relea:

® R R R OR R

SNt CASnG .61 Pouarpduta) « M/ et Ay Spsess 3 26/18/11 replace xmesh/xmesh(end) xmesh/F.lrefc(end) in the interpolation (thanks to Micolas)
README it commt ©8/85/14 method = 'pchip’ for compatibility with Matlab 2014
aditional unctons to Improvelsimpity plots .
ddzpiotpub m sditonal functions to Improversimpity plot 3 17 % definitions
argeheck m poblishing update - 15 global timeout
B agpadm minor ravisions and addeions 11 month ag 1o timeout = 899; % s
= At e 20 % options = odeset('RelTol’,le-4,'AbsTol',le-4, 'Stats’,'yes', 'Initialstep’,le-5, 'Maxstep’, .05, ‘Maxorder',5);
o 21 options = odeset('RelTol’,le-4, AbsTol’,le-4, Initialstep’,le-8, Maxstep’, .01, "Maxorder,2);
autopreteich m Major Update ot s 22 | Faerault = oot
EP—. B B 1e3,... Biot [hm.L1/D]
1 2ot n 24 'Y . [1111],...[8.5 3 2],... ki, i=1 (layer in contact with the
oundedine m 11 months ago 25 o’ . [le-16 1le-14 le-14 le-14],... diffusion cosfficient
buldmarkor m ' 2 G » 1,... 8 = liguid
eywords m though not ful tested 5 doys 30 27 1 ,  [50 20 18 1201*le-6,...[50 20 10 1281*1e-6,... m
5 i S 2 L B 200/1800,...  dilution factor (respectively to iref)
‘co ) [@ 560 580 e],... initial concentration in each layer
‘options” N options...

); % if iref is missing, it is indentified
%lines to be deleted (OV: 89/64/11, incomplete pieces of code)
% kR , [1.1.1.10,...

checkC

chechtoolbaxinstal m

chemspidec_setup m




DESORPTION
Fo = 0.0005 (au)

o2
B
]
a
c
e
E
=
8
c
8

fmseaRes

| X 1?‘1 'mh l’r’;

SCALE

=1 |\\p/1\ 012

= SCIENCE & IMPACT olivier.vitrac@agroparistech.fr/ UMR 1145 Food Processing and Engineering Oct 2015



02 o’

—=" SCIENCE & IMPACT

DIFFUSION IN POLYMERS
PREDICTING DIFFUSION COEFFICIENTS

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

olivier.vitrac@agroparistech.fr/ UMR 1145 Food Processing and Engineering
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MOLECULAR DIFFUSION

"h-' & 4 ;a\:
CEL

<

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.

14



SMALL vs LARGE DIFFUSION COEFFICIENTS (D)

10
D = ga((xCM(t) = xCM(O))2> 015
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SCALING D WITH SOLUTE SIZE

D (m-s?)

«
©

: (j ——

natural
& rubber
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10 100 100 200

From: A. R. Berens, Pure Appl. Chem., 1981, 53, 365
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DIFFUSION OF ANISOLE IN POLYETHYLENE (T=298 K)

018
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I O SPR-MS version 1.0

Molecule: P161

"2-Hydroxy-4-methoxybenzophenone (Chimassorb 90)"

CAS#131-57-7
Polymer: LDPE 23°C

class size: 11

Similar 3D structures for D prediction

(pruning level: 20)
P122 P131 P135
o= e
&N e £8 5o
NCL W i Y ' &R °
P145 FP150
.‘“-Q
¢Q,°, o B e Rl

P159 P1B1 PO
&3‘ 9:; % 96-;9 s ‘@“

E2004 INRAWIivier Vitrac.

o -3
P P

P152

List of molecules in the current class
e ormia | NS “eame
P122 |C11HI1402| 178 | 93-16-3 2-Methoxy-4-propenylanisol (Methylisoeugenol)
P131 |C13HISO1| 190 | 103-93-7 | 2-Methyl-3-{4-4sepropyliphenylpropanal (Cyclamen aldehyde)
Pisslcim0 02 196 [2705-87-5) Altyl-3-cyclohexylpropionate
Pi3s/c12m2002( 196 [115057 | 37-Dimethyl-1 6-octadien-3-+lacetate (Linalylacetate)
Puss/ciamIs 01 202 [122407 [ Amyleinnamicaldehyde or 2-Phenyimethylene-heptanal
Putlci2m1403| 206 [ 77-838 | 3 Methyl-3-phenylgtycidate (Aldehyde C16)
PisofcizH1603| 208 [ Nav | Iso-amylsalicilate
PIs2[Cl4HI202| 212 |120-514 Benzylbenzoate
Pise[ciur 04| 222 | sa662 Diethylphthalate (DEF)
P16l |C14 HI203| 228 |131-37-7 2-Hydroxy-4-methoxvbenzophenone (Chimassork 80)
[pos [cromwo1] 156 106229 3,7-Dimethyl-6-octen-1-ol (Citronellol)

summarized 3D molecular information

prop | min median | max

3D value value value

M| 156 202] 228

VAW volume | 180 206] 217
Gyration radius | 3.54) 38411
Inertial slong z| 261 383 449
Inertial long x| 28.2|  61.9] 103

| Sectionwy| 48.4| 65.176.8
| Sectionyz| 231 30.9)75.4
|Dipola: moment| 1.23 | 2.00 m
| Flexion| 2.59| 4.46| 6.24

D robust statistics

Drobust |stand. dev. n Dmin | Dmed |Dmax
m2l.s-1 mls-1 |elasssize | ml.s-1 | m2s-1 mls-1
[2.24e-013[1.54e-013] 12 [12e-013(2.3e-013[7e-013

D robust statistics

Drobust |stand. dev. M Dimnin Dmed | Dimax
m2.s-1 m2.s-1 |classsize | m2s-1 | m2s-1 [m2s-1
2.24e-013 1.54e-013 12 122013 2.3e-013 Te-013




FLEXIBLE DIFFUSANTS

Additive translation controlled by the
relaxation of polymer itself and by the rate
of creation of free volumes.

a) b)

Local and temporary trapping of additive
between polymer segments

pocket of
free volume

steric
volume

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.

20



v \~4TTe) SCALING EXPONENTS

-12
a) 10
Decpr 13
@ 5 107"}
0, M
% %47‘70
I A1
O 47% "0 10 '}
&
E
O 1 0-15
\\\
ad = 2 0 PP at T=208 K (Tg+25 K) =~
1 0_16 PPat T=313 K (Tg+40K) T =iy
PP at T=323 K (Tg+50 K)
® PLA at T=343 K (Tg+10 K) PCL at T=303 K (Tg+90 K)
PP at T=333 K (Tg+60 K) PCL at T=313 K (Tg+100 K)
| PCLal T=323 K (Tg+110K) PCL at T=323 K (Tg+110 K) :
2.2 2.3 2.4 2.5
10 10 10 10 10?2 10%° 10°* 10°°
- 1
M (g-mol™) M (g-mol™)

Macromolecules 2013, 46(3), 874-888
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p /M\"4TTs) SCALING EXPONENTS
& (i)

- Free volume theor

+  Ix
+ 4
6F -
r H 1
E AL 4*/‘/ aliphatic solutes |
3 b, W
h aromatic solutes
3F \ % w -
-\‘* .gi‘ 1 2 N
I AL ]
1 : : !""'-----:-.::.:':.".":.:'.-:.-.-..-.-..-1 Ka
0 200 400 600 a(T,Tg) =1+
T-Tg (K)

—=  SCIENCE & IMPACT

Macromolecules 2013, 46(3), 874-888
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Formal equivalences between FVT and

scaling laws

Scaling law (Eq. (19))

Free-volume theory (Eq. (22))

. ) M
Relative diffusant effects In (M} 024(£-¢)
0
. x 024 L
Scaling exponent 1+ a Ky Kp+T-T,
o(T.Tg) r-1,+K, K3, K3 are polymer free-
volume parameters.
Relative activation energy
Ea(M.,T)-Ea(M,,T)= E*(f)—E*(éﬂ)
2 L. " -
Ea(s.T)=Ea(¢,.T)= K — RI In Aﬂj e o —
~T +
oin DOLT) (T-TK,) Mo | e-g) L :
D(MoaT)_ 12 (K22+T—Tg)
oyr

023
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SCALING EXPONENTS

-1
M (ngI ) [] Polyvinylidene chloride (PVDC) at 50% RH
10 100 1000 /\ Polyamide (PA)
x Polystyrene (PS)
10—9 % High density Polyethylene pHDPE)
4 Low density polyethylene (LDPE)
(O Plasticized polyvinyl chloride (PVC)
11 A Dry polyethylene terephthalate (PET or PETE)
10 B Polyethylene terephthalate (PET) in contact with ethanol
<> Polypropylene (PP) in contact with glyceryl tripelargonate
@ Polypropylene (PP) at 40°C
1 0-13 VX _PP+TP + Polypropylene (PP) at 70°C
> &
PVC¥Rlasticized)
— S
b
(%]
. -15
g 107
Rl
(@] rubber
state
-17
10
_19 PET+ethangl
10 PS
A
=21
10
glassy
state

INRA Crit. Rev. Food Sci. Nut. 2015 (Fang & Vitrac)
"~ SCIENCE & IMPACT http://www.tandfonline.com/doi/full/1 0.1080/10408398.2013.849654
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ACTIVATION ENERGY

300 | |
|:’ Polyethylene terephthalate (PET)
PP
. Polypropylene (PP) ..
250 | A High density polyethylene (HDPE)
X Polyvinyl chloride (PVC) O
/\ Polyamide (PA)
@ rolystyrene (PS)
2001
E a (M) ‘,_I_i___ (O Low density polyethylene (LDPE)
_O <> Very low density polyethylene (LLDPE)
~ E a (MO ) E —  Poly(methylene oxide) (PMO)
— 150 | Polytetrafluoroethylene (PEF) pET (]
v
+ ln (M/MO ) ~— () Polyvinylidene fluoride (PVDF)
(q]
Ll
100 |
LDPE
<{> LLDPE

Crit. Rev. Food Sci. Nut. 2015 H
(Fang & Vitrac) 50
http://www.tandfonline.com/doi/full/10. X

1080/10408398.2013.849654 ——’“‘g’r ¢

025

T—=" SCIENCE & IMPACT Oct 2015




03 A

CHEMICAL AFFINITY
PARTITION COEFFICIENTS
HEAT OF SORPTION

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
= |NQA Polym. Sci. Part B: Polymer Physics, 2014, 52(19 ), 1252-1258

== SUENCE& IMPACT Nguyen P-M, Guiga W, Dkhissi A, Vitrac O. submitted to I&EC. 2015.



EFFECT OF PARTITION COEFFICIENT ON MIGRATION

50 times for chemical affinity for P 50 times for chemical affinity for F
Kir/p 1/50 50
DESORPTION DESORPTION

Fo = 0.0005 (a.u) Fo = 0.0005 (a.u)

,: lil

1o || I
L i

| '""ifé‘h

’I|| ||I'

e

concentration profile
concentration profile

8 6
dimensionless position x/IP dimensionless position x/IP
eq 1%
C: 1 .
l’F yl’Pamornhnuc

Ki,F/P —

Cip ~ 1 — crystallinity Vir



MANY METHODS AVAILABLE

Class Models

Group contribution UNIQUAC, UNIFAC, NRTL

Associative model % 2«72 | SAFT, PRISM

AW +~(*r;j«w

o s 1tz 1§ | Optimized for polar and liquid

" ~ % s ¢ = ~| phase
L AL\ ¥37~¢ | (De Anda et al Pol. Eng. & Sci., 2011)

Explicit representation of
entangled chains

Representation of polymer
chains without entanglement

olivier.vitrac@agroparistech.fr

Oct 2015
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OFF-LATTICE FLORY-HUGGINS FORMULATION OF EXCESS «3 '
CHEMICAL POTENTIALS IN BINARY BLEND-VOID SYSTEMS @*’ ;

Chemical potential (definition of J. Williard Gibbs)

= u + RTIna; = pf + RTIng; + RTIny?) = ) + wi® + pfrcess

|- ig FIory expression atinfinite dilution in k=P or in k=F

‘ excess
| {/ui,k }k:P’F

Kg-T

1 1
[1__)@ + Xk e ® (1__j+li,k

2kBT)(i,k
= (hitidT + (herid T — (M) T — (hiid T

:lnyi‘fk =

29



In(yf%) = (

k=PF

- i) b+ xxd?  FLORY HUGGINS APPROXIMATION
' AT ATOMISTIC SCALE

IDEALIZED POLYMER

M CHAINS (k = P)
i i
" 2kpTy; k

= (hijri)T + (AgridT

— (hsidT — (Risid T
Bawendi et al., J.
Chem Phys. 1986;
1987; 1988 EXCESS ENTHALPIES ARE CALCULATED FROM

SIMPLE A MIXING RULE OF PAIR CONTACT ENERGIES

Gillet et al., I&EC,

2009; 2010 ; Vitrac V4
H bl A
and Gilet, Int. J. €a+B e
Chem. Reactor Eng.
“ ®x

olivier.vitrac@agroparistech.fr

Oct 2015
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reweightiJ

with Boltzm:
factor
(thermalizat

DETAILS OF THE ENERGY SAMPLING PROCEDURE

(€A+B)T =

f+ooepr(e) exp (— Ri) de

+00
&
f pr(e)exp (— ﬁ) de
London dispersive

af = interactions
- L
- -
- -
- -
- -

Homopolymers

min
(niF") _

anln mm min
(hl+P )T+<hp+l yr—(hpth Yr—(hivi)r
2RT

nfp = argmm ( )(l( o ))

(hjsrd)T = (Ej+k)T<Zj+k> + Bjk

In liquids (denoted F ou L)
- _ Shiyp)rHhpsidT—(hEep)T—(hivi)T
LE = 2RT
For water: (hpyp)r = 4(€a+5)1{Za1p)

031
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Polyethylene in contact with

methanol ethanol
|
— o - ’ ""/' . ‘Jﬁ
- i __isopropanol _ water+ethanol

m Alcohols Volatiles Plastics additives

undecane undecanol diphenyl oxide

tridecane tridecanol d-limonene

pentadecane pentadecanol eugenol

heptadecane  heptadecanol linalyl acetate

nonadecane nonadecanol

docosane

octacosane

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

BHT
chimassorb 81
Erucamide
Irganox 1076
Irganox 1035
Irganox 245
Irgafos 168
Irganox 3114
Irganox ps802

stearic acid

Tinuvin 326

32



METHANOL-POLYETHYLNE PARTITIONING

"~ methanol ethan

water+ethan

calculated Ki,F ” values

/4

/

B

7
/7 |
/7
A
/
b Ib & Effect of
- - overlapping
/7 F molecules
cs folatile
/
C
Q74 n-alcohols
n-alkanes
€&—— reference y=x

experimental Ki E

108" 108" 168 108 108 108 108

= values

33



EXTENSION TO COPOLYMERS (ethylene vinyl acetate)

»;
<
,_..

PE W&  EVA33
@‘Wg
déCETYLATION RATE

."’

b PVAC

. N a
> & .!'." Ve (d : S ~,
:O e (R - ‘stees, A

APOLAR POLARITY++

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

Xz(‘g;ﬁ) = Xi PVAc(P‘(/ AVA) + XipE (1 IS‘X"A)) T PE¢(WVA) (1 _ xm))

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

0000



COMPARISON BETWEEN THE MICROSCOPIC AND MEAN FIELD APPROXIMATION

Configurations of minimal energies : n=5

Effect of acetylation rate on y (acetylation rate wiw = 0.82)

8 4-Nitrophenol ' o Sequences
Solutes

Benzonitrile 4-nitrophenol

O Microscopic calculations

01 03 05 0.7 059

Acetylation rate (w/w) — mean field approximation



MOLECULAR RESULTS INTEGRATED WITHIN A “SMALL” SOFTWARE

Databases of results
calculated at molecular scale

Small “real-time” software

Partition coefficient calculator

contact
energy
i+i

contact
energy
P+P

contact
energy

| =] — ==}
contact contact contact
energy energy energy
i+P i+ i+F

contact

energy
F+F

Ccoo Co0 Co0
-nation -nation -nation
i+P i+ i+F
coo coo! cooldt coo
-nation | -nation | -nation | -nation
i+i P+P i+ F+F

XML databases
which can be
easily edited,

updated

LOX

Food Simulant

Solute in the list

temperature

40 | =

O

crystallinity
Polymer 1 M Plasticizer A
Plasticizer Plasticizer B CS
concentration S
no plasticizer
crystallinity
Polymer 2 e Plasticizer A
Plasticizer Plasticizer B =
concentration
no plasticizer
browse estimate
values
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04

PREVENTIVE APPROACHEj)F THE

CONTAMINATION
FMECA APPROACHES .

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).

olivier.vitrac@agroparistech.fr/ UMR 1145 Food Processing and Engineering
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CROSSED-MASS TRANSFER
BETWEEN MATERIALS

T

Final packaging

== |\ P/ 040

T—=" SCIENCE & IMPACT Oct 2015




3 TOWARDS NEW CONCEPTS

z
Al 3
v" 2, ©
47 )
[ NOW

-
Raw material Part Component Final Retailer Consumer
supplier supplier supplier product

Polymer - [T
retailer 1 cons1umer

HELCE fi ;
' retailer 2 | consumer

Additives
T 2

Process
retailer 3 consumer

K

Material flow

Information flow

041
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TOWARDS NEW CONCEPTS

DEVELOPING COOPERATION BETWEEN STAKEHOLDERS

Raw material Part Component Final Retailer Consumer
supplier supplier supplier product

Polymer e
[ Retailer Consumer
flakes ~ piastic body 1

fim Ny bottlei' 1
additives (ﬁe\l{ / ;: v Py A
l g ‘;’ caps % * Retgller Conszumer

Process /A in ‘A\\

k A\ e :
s | X( ' Retailer Consumer
—— \ ———————————— "Wy 3 3
: paper Multilayers « _ N

fibers o™ B i materials

Material flow

Information flow

==]|\p/i

=" SCIENCE & IMPACT
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TOWARDS NEW CONCEPTS

Safety
concepts

?
__\'I_.Future
2 \. Approaches

, Current
Approaches

Low
Consumer
Exposure

Low Toxicity “

Safe-by-Design

Migration

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.

043
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Failure Mode Effects Criticality Analysis

List of components and functions
Failure = migration mode tree
Severity = f(C)

» Dimensionless scale
» Normalized by toxicological data
» Substance and material independent

» Linear to C for acceptable Cp values
and non-linear beyond

Criticality ranking
» by component
» by substance

» by process or storage step
» Comparative designs

SEVERITY — BJd

~
CONTACT
WITH FOOD

olivier.vitrac@agroparistech.fr

- Ensuring detectability
=INRA Nguyen ef al. 2013, AIChE J. via calculations and simulation 04
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MICROWAVE OVEN HEATING o
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ALL STEPS MUST BE INCLUDED IN THE ANALYSIS

As soon they cause a redistribution of packaging constituents through
the different materials (even without food contact).

"SETOFF"

STORAGE "BEFORE USE" CROSS-MASS TRANSFER BETWEEN
INTERNAL AND EXTERNAL SURFACES



ALL STEPS MUST BE INCLUDED IN THE ANALYSIS

Mass transfer in the gas phase cannot be neglected during curing, long-
term storage and oven heating

MICROWAVE HEATING TRANSFER IN VAPOR PHASE
+STEAM EXTRACTION

47



3
ColXilyq) (kgm™)
© o o o

o N O~ O @

"~ SCIENCE & IMPACT

10

CHAINED STEPS

1: Setoff » 2: HotFilling - 3: Storage — 4: OvenHeating, 1o+

ink

"ink

- _food I PP baﬁe-

_food |

PP base+

_food |

ink

PP base+

" ink

_food |

a—|—r"."'.

PP base+

02 4686

_4X (m) X 10-4

x 10

—

o

£
o
i
pa

.048
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ASSESSING THE SEVERITY OF A SINGLE STEP
CASE OF "SETOFF” STEP

’. Setoff (max. 100

days@25°C)

HotFilling
(max. 10

HotFilling (max. mMi@80°C)

10 mi@80°C)
Long-term
storage (max.
[ 1 200
Long-term days@25°C)
storage (max. |
200 Microwave
days@25°C) Z)r\r/;r)l h5eat|ng
Microwave min@100°C)
oven heating
(max. 5
min@100°C)

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

Severit (é stepi)) = f C -C C
IN?A y F( p ) Fv 15255 5M Py 1—>2—>---—>M/i’ Fili 049
= SCIENCE & IMPACT comparisonwith stepi removed SCJEU Oct 2015




COMPARING THE SEVERITY OF A SEVERAL STEPS,
PACKAGING DESIGNS, SUBSTANCES...

CASE OF "SETOFF” STEP

150 T I I I ! | - ;l(;:tiryor
T 5 & products
L) , )
5 ekl L
§ (better)
S
B C L
100 [ 5 > Severity=100
2
T
5 g tie layer = EVA
) g "
= ]
& !
o)
501~
N
(almost acceptable)
0]

=124

.050

SF S aima Full methodology described in AIChE J. 2013, 59(4), 1183-1212 Oct 2015



AUTOMATIC GENERATION OF MIGRATION SCENARIOS

id parent geometry polymer food foodsimulant foodtexture step temperature comment
LDPEYogurtBottle| smallbottle LDPE yogurt ethanol50 liquid storage chilled pot of yogurt
HDPEOQilCap cap HDPE oil fatty liquid storage ambient oil bottle cap
PPDrinkGoblet gobletPP PP hotdrink ethanol50;fatty liquid consumption hot coffee goblet
IPPButter i container PP butter fatty semisolid storage chilled butter container
PPCreamPot container PP cream fatty semisolid storage chilled pot of cream
PPDrinkStraw straw PP yogurt ethanol50 liquid consumption ambient straw
PSYogurtPot pot PS yogurt ethanol50 semisolid storage chilled pot of yogurt
PSDrinkGoblet gobletPS PS hotdrink ethanol50;fatty liquid consumption hot coffee goblet
PVCSaucelid gasket pPVC sauce fatty liquid process sterilization cover gasket
PVCSauceLid2 PVCSaucelid pPVC sauce fatty liquid storage ambient
o2
%

geometry polymer food foodsimulant foodtexture temperature comment

X/
0.0

7 vales
(1.48e-024<4.19e-020<2 41e-018

Molecular Mass

olivier.vitrac@agroparistech.fr

Oct 2015 iffusi ici
Diffusion coefficient / 3 scenarios based on
overestimated via the & th ENth Q&th .
Piringer's Formula [ 5, 50,95 percentiles

SCIENCE & IMPACT 051




Ignorance

 Education
Miss-conception

05

* Training
e Research

COMPLEMENTARY TOOLS AND PROSPECTS
overview

== INQA

——  SCIENCE & IMPACT

olivier.vitrac@agroparistech.fr/ UMR 1145 Food Processing and Engineerin g
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o
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L
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o

—= SCIENCE & IMPACT

MIGRATION MODELING

STATE OF THE ART

unknown

e
#
Additives
Reactivities
‘/

Transport properties in
olyolefins, PS, PET, PVC...
& NIAS

Solvents, catalysts,
adhesives, non

thermoplastics...

053
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BLIND QUANTITATIVE DEFORULATION

T
© Likely
@ | Class
E substances P
X C07 |a:Irganox 3114 0.95
X C11 |b: Irganox 1035 0.83
X C14 |c: Stearic acid 0.82
C12 |d: Irganox PS802 0.76
C12 |e: Irganox PS800 0.74
X C12 |f: Irganox 1010 0.66
Deformulation parameters
; el “worse* factor applied on correlation coefficient 10
number of substances to be plotted in scenario tree: 5 threshold on correlation coefficient for appliyng worse factor: 0.6
HL»:&WHTZ”: ' type of name of substances: commonname
colormap graph cmaplog(50)
Identificabon »
:::ri SFPDamrspec - v 0.1 ele=]
_— U/,:\ o i oy i Ail A ak_a A
biasd Likely 3 gg Likely conc k\\?/l ania @"""'M | | ! | | ! [ |
‘substances §§ (mgkg™) ‘/w\ s e Mot spectnnn | [aioet 12 10 8 6 4 2 0
‘ 74 5 (ppm)
—~SETTINGS STEP 1 STEP 2 En 600
Output folder PARIDENTIFICATION | | QUANTITATIVE 500 a—b—c—d a—b—ocof
o DECONVOLUTION [ b R
d | Deformuttion method | edt Pair dentification IEmE :s '_21400 ¥ i § i — reference conc.
— M corretion couficnt E’ 300t . .’ % “ < ~., upper and lower
Deformulation 3 Z \ = Ay
Prefetch ibrary | rogenerate Repor = == a 7 00 7 + ¢ concentration bounds
= Bapert ] c ~ s redicted conc.
- g 100; < s
SFPDnmuspec - v 0.1 primonsns i ~, upperand lower
= — 0 ) ) ¢ ) ) ) ~ concentration bounds

Industrial & Engineering Chemistry Research 54, 2667 (2015). 054

Oct 2015




1
T =
o

L
=
Cumulated probability

I
=

olivier.vitrac@agroparistech.fr

Oct 2015

=INRA

SCIENCE & IMPACT

=
N o >

tnin
=
~ ™

materia: (foodmilk) AND (design:Gourc)

.

Probability
8

i

3
Cumulated probabil

5

AENERE

nnnnnn

FOOD

' w
[sa]

babyfood

Biscuit

[=5 e
—

mustard

DESIGN

bag with
gusset

5-

compartiment
alized tray

o
o
|

doy pack

Heatable pot

Gourd

Etc.

EXPERT SYSTEM

substance: (substance:@volatiles)
AND (polymer:PS)

AND (storagebeforeuse:stack)

H1,CAS110-98-5,CAS10303-64-7,CAS111-41-1,CAS107-38-0,CAS111-87-5,CAS115-77-5,CAS5120-47-8,CAS120-80-9;CAS5122-95-2,CAS1.
PS:polymer: . code-=primarylist

CATEGORY

flexible

rigid

reheatable

printed

storage
before use

Etc.

stack:

ple

CAMDI Fl 1T rggyjtg:-=amnla wnrimandict

POLYMER

PVDC

acrylic
adhesive

nitro ink

its

SUBSTANCE

Technolofical
function

chemical
function

IUPAC

CAS

M range

Etc.

no

FOOD
STORAGE

frozen

chilled

hot filled

Microwave
heating

Sterilized

055
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EXAMPLES OF GENERATION OF TRANSPORT
PROPERTIES FOR VOLATILE CONTAMINANTS

>> 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 C)
CHEMSPIDER reuses cached data for 'acetophenone' (date=21-sept.-2015 21:37:19)
ans = }13(:
9.1995e-06
>> FMECAKairP ethylbenzene CH,
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.ChemSpide
CHEMSPIDER reuses cached data for 'benzoic acid' (date=21-sept.-2015 21:45:01)
ans = O

1.3674e-08 HO

INRA 056

"~ SCIENCE & IMPACT Oct 2015




PREDICTIONS vs EXPERIMENTS

ok n-alll<aneslat 60:’C

Detailed

modeling
with FMECAengine

Experimental
results

15 solutes

Nguyen et al. 2014,

submitted to I&EC, FAC

I5hoto-linitiat(;rs

Benzophenone

¢ MBP4
A |TX
L 1 1 1 L
bBP 1 1 I I
¥ Anthracene
. v
Plasticizers
v
v
- - ' —
Naphthalene
1
0.2hH -1
* DEHP ¥  Anthracene
® BBP Naphthalene
0 - 1 L 1 L 1 1 1 [
0 50 100 150 200 260 50 100 150 200 250
Time (days) Time (days)

https: #aithuly.com/ovitrac/FMECAenging



https://github.com/ovitrac/FMECAengine
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F‘.\ MICHIGAN STATE UNIVERSITY

B i Sty e Dr. Olivier Vitrac lectures and workshops

Date: July 1, 2015
Location: School of Packaging, MSU

Home About CANR CANR Dean Search Pre-College Institute of Ag Tech  Undergraduate

FOOD, ENERGY & e 1 g S | ECTURES ABOUT
ENVIRONMENT ; ‘ ) K

INRA, FRANCE
When Presentation Where
29th June
Monday) . . . . . i .
Diffusion coefficients of organic solutes in polymers: new perspectives of (Conference Center, Room 100, School of
10:00am- prediction Packaging
11:00am
30th June
T q The Ternes Outreach Center, Room 120,
(Tuesday) An atomistic Flory-Huggins formulation for the tailored prediction of School of Packaging
2-00pm- activity and partition coefficients
' Registration required
3:00pm
st July
The Ternes Outreach Center, Room 120,
(Wednesday) < chool of Packaci
Workshop: Prediction of the migration: beyond conventional estimates* choof ol rackaging
2:00pm- ) . .
Registration required
4:00pm



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