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The migration of chemicals from food contact materials into foods is an important issue in food safety. The assessment
of materials compliance with regulations includes migration monitoring for many monomers and additives. However, it is
recognized that predictive mathematical modelling can be used in many cases, to avoid or to reduce the effort on migration
experiments. This article reviews the approaches followed to apply mathematical models to migration, particularly the models
used, the approaches to estimate model parameters, and the systems used to experimentally validate the models. Conclusions

on the issues requiring further research are drawn.

Introduction

Mathematical models which describe physical processes
of practical interest are of great use as replacement for, or
auxiliaries to, the experimental study of the actual process. Thus,
models describing the mass transfer of additives and other con-
taminants from packaging materials to foods represent invalu-
able tools for industry professionals and regulators alike. Such
models can at least partially, substitute expensive and time-
consuming migration experiments. The models may have as
objective the assessment of compliance with regulatory specific
migration limits, or to describe the concentration change of mi-
grating species with time, in either the polymer or in the food, for
reasons that depend on the species under study. A considerable
amount of work has been devoted to modelling the transfer of
substances used in the production or conversion of the materials,
such as monomers and particularly additives like antioxidants
and stabilizers. More recently the use of mathematical models
has been employed to corroborate the safety and effectiveness of
a virgin polymer layer (often called functional barrier) in avoid-
ing any possible food contamination from recycled plastics used
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in laminated or coextruded structures (Feigenbaum et al., 2005;
Dole et al., 2006a; Dole et al., 2006b). Models have also been
used to describe the release of active substances, such as antimi-
crobials (Sadikoglu et al., 2006).

The advantages of mathematical modelling in the prediction
of migration have long been recognized by researchers and this
has also been acknowledged by policy makers and current leg-
islation includes the use of a deterministic migration model as
a tool for enforcement authorities and in consumer exposure
estimation (Petersen et al., 2005; Franz, 2005).

The objective of this work is to present a systematic review of
the information available in the literature regarding the mathe-
matical modelling of migration of substances from plastic pack-
aging into foods or food simulants, focusing on the situations
leading to different mathematical expressions of the model, on
the determination of model parameters and on the model systems
studied.

Type of Models

Mathematical models may follow a number of approaches as:
deterministic, empirical, stochastic, or probabilistic, including
uncertainty and variability. The deterministic models are based
on a theory describing a physico-chemical phenomenon. This
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approach considers that variables assume a single and constant
value leading to a single output value of migration. A consid-
erable amount of work has been devoted to the development
and assessment of deterministic models based on Fick’s law of
diffusion (Table 1).

Empirical models are purely mathematical, i.e., they are
based on equations that yield a good fit with experimental obser-
vations regardless of any physical meaning of the constants of
the model or understanding of the underlying mechanisms. The
Weibull model, for example, is a model of an empirical nature
that has been used to describe different processes in food pro-
cessing, quality, and safety. Apparently, the empirical approach
has not been used to model migration from packaging. One case
can be mentioned of a model describing the quantity migrated as
a function of temperature and time, developed using a response
surface approach (Fauconier et al., 2001).

Stochastic models are represented by functions of probability
distributions. Instead of predicting the migration level observed
after a given storage time, a stochastic model yields the prob-
ability of a certain value of migration occurring in a certain
food/packaging combination for a given time and temperature,
or whose migration values are most probable to occur (Petersen,
2000). Stochastic models may be based on distributions such
as the normal distribution. A model to predict the probability
distribution of the diffusion coefficient from the molecular mass
of the migrant, assuming a normal distribution, was presented
by Helmroth (2002°).

Probabilistic models are those that take into account the vari-
ability and uncertainty that the values of the variables can assume
and the probability of their occurrence. This includes mixed
effects models which combine deterministic models with vari-
ability in the model parameters. The model output is, thus, a
distribution of values, the constants of the model also having a
distribution of values rather then a single one. Variability is a
property of nature; it cannot be reduced through further study
or additional measurements. In packaging/food combinations,
the observed values of migration are subjected to variability
due to heterogeneity in the composition and structure of both
the packaging system and food product. At the laboratory scale
variability is also unavoidable, even when standard procedures
are used. Uncertainty also entraps ignorance or lack of knowl-
edge, which in many cases can be reduced through further study
or expert information. In the case of food packaging, lack of
knowledge concerning the distribution chain (e.g. temperature),
time of contact, and other non-systematic error sources would
contribute to uncertainty in the values of the variables. Prob-
abilistic modelling approaches are based on techniques which
propagate information about the variability and/or uncertainty
through the model. Numerical simulation methods, based on
simulated random sampling are commonly used and the most
well-known of these methods is the Monte Carlo simulation.
Another numerical simulation method employed in this type of
approach is the Latin Hypercube Sampling (Cullen and Frey,
1998).

Applications of specific medelling approaches

Most of the reported studies in this area employ a determin-
istic approach, based on the assumption that the mass transfer
from the packaging material into the food is a diffusional process
that can be described by Fick’s law (1). Given the dimensions
and formats of most packages, one-dimensional diffusion from
a infinite slab may be assumed.
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where C % represents the concentration of the migrating species
A in the packaging material P, 7 represents the time, x the linear
dimension of migration, and D is the diffusivity of A in the
packaging material.

Figures 1 to 4 show typical profiles of concentration of sub-
stance A migrating from a packaging material P into a food F,
in different situations corresponding to different boundary con-
ditions and assumptions. For each case the solution of equation
(1), and eventual simplifications, are also presented.

In terms of initial conditions, it is considered that the initial
concentration of the migrant in the food is zero and that the
migrant is initially homogeneously distributed in the packaging
material matrix. The validity of this will depend on the produc-
tion process and package construction, but in many cases for
single layer packages it is a good approximation. Ageing effects
of packages stored for long periods of time can lead to consider-
able loss of migrants, particularly those of low molecular weight
near the interface. In such cases, the migrant is no longer homo-
geneously distributed in the material as assumed in the theory
and resulting in an overestimation in modelling.

In the absence of a chemical reaction or evaporation, the
general mass balance equation gives: the initial amount of A
present in the packaging materials is equal to the sum of the
total amount that migrates into the food after time ¢, plus the
amount remaining in the packaging. This is valid at any instant
and hence at equilibrium. Therefore,

ME©) = Mi @)+ ME@)or 2)
M (0) = M (c0) + M (00) 3)
where M 2 (t) represents the mass of A present in phase i at time
t.

At equilibrium, two constants may be defined, K p and «:

_ Cl(0)
~ Ch(oo)

Kp and @)

ME(o0)  Chovr  vF
o = = =
ME(co) ~ CE(oo)VP — KpV?

&)


tlago
Typewriter
Applications of specific medelling approaches

tlago
Typewriter

tlago
Typewriter


(28pd 1x2u UO panunuo)))
SumyStom :uondrosqe JUSAJOS WNWIXEW JO UOTJRUTIINN(]
1199 papis-9[3urs ‘wdi GG ‘D O :SUOIIIPUOD J0BIUOD)
[10 9A1[Q pue urjA1desti] ‘UL Inquy ‘QueXayo[os)
aye100R[AYIyg ‘ouryoos] ‘[ouedordosy ‘[oueyly :sjue[nwig
gdaT : reueew Suideyoeq
9,01 xouesiy : JueISIA

{[[99 PapIsS-0M] :D O PUB ‘[ € ‘€7 :SUONIPUOD JOvIUOD)
(%08 Pue %001) [oULY :SIURIWIS
AdAH/addT+adAH/addH :[ererew Surdeyoedq
LHM SueIsSiy

poyjour ayeldn ssew :uondiosqe JUSA[OS
(Surwojororu)
1owAjod oy ur sa[yoid uoreNUIOUOS FULINSEIW (UOISNIJIP JANIPPY
o0t :SUONIPUOD 10BIU0D)
uexayo[o£k)) ‘oue)do-u ‘Oue)o0s] :sjue[NWIS
sqe[s uoissardwod 47 :[euerew Suideyoed
9,01 Xouesiy :JueISTN
Sunsa) uorsouwnw [y :(D,001/4 ¢) [10
9AT[0 (D001 XNPA/Y T) IeM ‘(D506 XNPIH/U T) %0S PUB (D,09/4 §°€)
%66 ToUeY3d ‘(D,09/Y §'T) SULIO00SI :SUOTIIPUOD JOBIUOD PUE SJUB[NWIS
21 UOJAN :[euajew Suideyoed
21 UOJAN JO ISWILI) pue Ip JI[oAD ‘wiejoe[oIne JUeISIA
Do0L-0F :SUONIPUOD JoLIU0D)
[10 JNUOD0D ‘QUBID00ST ‘JOURYIR 9, G6 JUB[NWIS POO.]
sdins pue ss[noq 144 :fererew SurSeyoed
€7 UTANUI], :SJUBISTIA
asn pajeadar -
U 0pg—0€ “DoSLT 10 D001 [10 SAT[O -
un 09-0¢ ‘D001 197em -
SUOT)IPUOD JOLIUOD PUE JUB[AWIS POO]
99V{ :Telew Juiseyoeq
(sourure onewore Arewtid) sulfIue :SJUBISTIA
Do0p ermyeradway,
PIOR D108 9, ¢ ‘[OURL}D JUBNUWIS POO]
Swy Jo Syor)s :sjuswIadxs uoIsnyyIq
(paroAdar [ 103) soreSonns SJUBISTIA

9SBq BJEP PUE SIOYINE ISYIO WOIJ SINSAI [ejuswiodxd wory

*T "S1 01 SuIpI0dOE SUOIIN[OS — ME] JOI,] [OPOW UOBISIIA] -
uoneiSiw uo uondIiosqe JuUaA[os Jo dusnyur ay) Apnis -
(Surroms ou) pooj pue Jowk[od UsomM]q UOT)OLINUI OU -
juapuadapur swiy JUAIdYJo0d uonnted -
Surdeyoed 91Uy :S9SLAIOIP JAAR] 2109 UI UOHRIUIUOD -
QUWINJOA JJIUYUI PUER PIXTW-[[M SI POOJ -
[RUOTSUQWITP-JUO IJJSULI) SSBUI -
Aquo 1, uo spuadap "Jo0d uoIsnyIp -
I0A®] 9100 9y} Ul A[UO pue ‘pAINqLUSIP A[ULIojIun ‘JueISIw J[3uIs -
SIOAR] U9IM]RQ 10BIU0D J09)1ad -
:suondunsse [Irm Me[ YOI :[OPol [EONRWAIRIA] -
(19111Rq

[euonouny SUTEN[BAD J0J PAsn) SaINJONIs JIoAe[mnu oy [opow e sorjdde pue sdojoad( -

Ab\hv dxe yq = ,a
:UOISNIYIP SANIPPY
To\o dxe {q = sa
“UOISNJJIP JUIA[OS
9uopuadop dwir ST UOTJBIUIOUOD JUSAJOS PUB JURISUOD SUTBWIAI

UOTILIIUOUOD JATIIPPE 20BJIAUI ] J SUOTJRIIUIIUOD JUIA[OS JO SUOTIOUN] Sk (] SIOPISU0)) -

‘(4 *S1J) uoISnyIp 2AnIppe uo uondiosqe JUIAJOS JO dduaN[uI Ay} ApNIS -

*1 81 03 SuIpI0dOE SUOTIN[OS — MEB] YOI :[SPOW UOTJRITIA -

‘71 UOJAN JO JOWILI PUE JQUILIIP JSWOUOW JO UOTJRISTW SUIqLIOSIp J0J [opOUl ) SAIpMIS -

*1 "S1 03 SuIpI099k SUOTIN[OS — MEB] YOI :[OPOW UOTJBITIIA -
¢d y pue V(7 arewnse 0) uonenba ay) 9AJ0S — [powt

Io3urd yim uostredwod pue uoneISIuI 19gI0sqe A () JO UOTRUTULIdIOP [ejuswiodxy -

[opOW 1SZULI WOL} PAR[NO[ED 8/ Wd ¢ O] X S T =V(Q
I=dy

:SuLIdpPISU0d ‘HJOAS JO (' UOISIOA TIAIS 2IEMIJOS PUB [9POW )IM PIJRWIIIS SIN[EA
IIA S[ISuaIn SUI{ood Y4 WOIJ dUI[TUE JO UoneISIu 10J s)nsal [ejuswrradxe saredwo)) -

"T "S14 01 SuIpI0dOL SUONN[OS — ME[ JOT] :[opOU UOTIRISTIA] -
$I91LIBq [BUOTIOUNY JO JUSWISSISSE

pue uoneIStur jo uonorpaid ay) 103 [ HJ 10J SIUSIOYFO0D UOTSNIJIP SAIBUWITSA JIOAQ) -

*(dy 2y PIATIBP) JIWIT] SUIPYUOD %66 YPIM

SOJRWITISO UOTIRISTW 95D JSI0M 0} SUTPRI] Biep [eIuawnIadXa [qe[TeAR d) JO SosATeuy -

¢1 *S14 01 SuIpI0JoE ME[ YII JO SUONN[OS :[POW UONBISIIA -

UAIOYJ0D UOTSNIJIP JLWIISS 0] [opoU JoFULI] J0J s1joweTed JO UOTIENTEAIY -

(Qz007) ‘T8 19 yoIw[ay

(€002) ' 10 ueH

(£002) 'Te 12 YoIwRH

(€007) 'Te 10 SI_JOIS

(¥007) 'Te 10 K9[30g

(#002)
YeladlyS pue aparg

(25007) '[® 10 UnIeuudg

(S002) Te 10 Ao13og

SUONIPUOD UOTEPI[eA Tejuswradxg

suonidwnsse pue saA199[qo [9pOIA

QouaIdJOY

‘SurSeyoed onserd woiy uoneiIiw 3o1paid 03 IopIo Ul 2INJRINI] Y} Ul patodar sfopow [edrjewAyjeW Ay} Jo Arewwung | d[qe],



syluowr ¢
0] UIW ()¢ 10J JUB[NUWIS [W ()G UI PASISWILIL WD ()G :SUOLIPUOD JOBIUOD)
[oueyld 9,66 ‘Queldoy-u ;jue[nWIS Poo
(M00Z ‘001 ‘0S sseuyoIyl ‘sonberd popnnxa 1se0) 4 :Surdeyoed
‘9,01 Xoue3i[ ‘g9 sojedI] ‘Z-gS XOour)SOH JUeISIA
SyooM / THUN £ 09 PUE )7 ‘4 ‘UOISIOWIWI [£10) :SUOHIPUOD JOLIU0))
souodio) Jo UOIS[NWS pue souadIo) UOWQ[ OUBYID JJURINWIS POO
AddH :[euerew SuiSeyoed
(D,0€-01) sowosrjo pue jousyd(JAyRAyounp-1°)siq-4°¢ JUBISIA
1199 9PIS-I[IUIS D ,0f :SUONIPUOD JOLIUOD)
(9%0S) 2INIXTW IOJeM/[OURYI :JUBINWIS POO.]
dd :Teuerew Surseyoed
proe oidipe Jo 19)sg :JUBISIA
:1oKem W SUI[OPOIN
1190 uonjeISTWI Sse[3 papIs-o[qnop )08 PUt ‘09 ‘Of :SUONIPUOD JOLIU0))
(%08 PUe 0L ‘08 ‘S6 ‘001) SIMIXIW I9JeM/[OURYID JUR[NWIS POO]
AddH :[euerew Suideyoed
891 soyedi ‘9701 Xoue3I] :JUBISIA
S[[99 9PIS AIUIS D ,0F@SKEP O D6 1TI @YU T 2D 0L @Y T :SUOHIPUOD 10BIUOD)
[10 QAI[O :JUBINWIIS POO,]
OAd
pue NAd ‘(uorsnnxo) SJTH ‘(pep[now-uoridafur pue -mo[q ‘FurIojouIay)
‘uorsnaxd) dd ‘(poprnow-uonodsfur pue -mo[q ‘swiy) gJqH :Surseyoed
SI9ZI[IqeIs Ul ‘0016 ‘0T88E ‘0TLLS
‘0FTYL ‘00109 ‘0TE89 “0THIE “0TISL ‘00919 ‘0958 ol ATU/IN IUISIN
159) JoKe[LI],
QUIOJOIJIW JO SN PUB UOISISWIWI [8]0}
£00URQIOSqE A () PUE UOISISWWI [2)0)
uoneISIul 9ANIPPE Jo ApmS -
QWIOJOIOTW JO SN PUB UOISISWWI [8)0)
SUOTBUTULINOP Y[ PUB UOISISWWI [8]0)
uondios pmbry jo Apmg -
Do0F :SUOTIIPUOD 10BIU0D)
Sjeuo3re[adin [A1904]3 Jue[nwis pooq
uorssardwods £q opew sojdwes ‘4 owAjodowoy :[eLejew Suideyoed
uoydory-(JA-g-10zex0zuaq-141nq-1191-G)SIq-G‘7
10q108qe AN XHALIAN UEISIA

‘pajepIfeA A[reiuaunnradxa jou [pojy

SO0 = g (=t 010 )50) =
A‘E\»m\vwﬁi +H+a-wr="1p
:uorssardxo
11011dX9 ue 01 pasnipe pue paje[noed sanfea 0oL~ ‘T =u10y O] >0 > (] -

‘1 *S1J o1 SUIpI0dOER MB[ YOI,] JO SUOTIN[OS :[SPOU UOTRISIIA] -
‘syue[nuurs £33ej OJuT JJ WOIJ SJUBPIXONUE JO UOTRISIW Y} SASLIdJORIRY)) -
LA+ Jd+  1d+1D+19+VvV=:
Jopowt uonjRISIA -
swr pue amjeradwa) Jo uorouny
rerwouAjod e se Ajnuenb pajesSiw oy SUIGLIOSIP ‘poyIdW $3de)INS SUOASAI Y} UM [SPOIA -
=0y dyduy =4gt1x = xiop {plty =19
0=x
a-o= THe 'a

xe 10
u g =y =1 e
N_ y v\,umm Q «um

SQIN)ONIS JoAR[NW Woiy uonerdrw ay) SuI[[SpoA -

Iw=x Iw=x

Xe

Xe

1 —
+1oe ta = e

‘1 311 01 SUIpPI0dIE ME[ YOI JO SUONIN[OS [dpOUl UONRISTA] -
sasodind A1oye[n3ar 10j  Jo uonewWnSH -
(uorrewnsa (J 10j SuLISuod Jo aepdn) [opouwr 1a8uLig Jo juswasorduy -

¢ *314 01 SUIPI0JOE ME[ YOI JO SUOHIN[OS :[OPOWT UOTRISIIA] -
(eyep reyuowniadxe
m uorstredwod) pejoadxa s109530 Suruonnied ou — [opour JoSULIJ JO UOTIENTEAY -
(G0 =2)VD = VYUY VH = v55(1°0 = VVq~
(uonn[ossIp MO[s ‘o[dwes ury}) UONLIIWI] SOjaULY -
XY =0V +10=215)
V(SO =0V +1'0=9YD
(sfonuod ynq ur uorsnyrp ‘opdures Yory) AI0A) uoneIIWI[ SOT)AULY OU -
Juenus/rowAjod 90eyINS oY) Je SASBD 0M],
10QIIPUT AUO ST UOISNJIP QANIPPE UO JUB[NWIS ) JO 1991
(Surroms £q pa[[O1IUOD JOU SOTJOULY) SNOQUBIULISUT ST SUI[[OMS -
(50/10'g)dxe %' = (1°¥)'q
CHVH'VYSaVa@) § =(G0VD
£(309130 Surroms) Juopuadap oW} puE UOTEIUIIUOD
AIe S)USIOYJO0D UOISNFIP JURINWIS PUE dANIPPE [joq Surrapisuod yoreoidde peostrowny] -
*2[qi313ou st (uonned)
wo) puodas ay ‘(Surdeyoed yuyur) oo < Jo (uoneISiw 939[dwod) 0o <— o udyMm
|h‘+ ™ _ .ﬁonwEwlmuuo ~45|W\/MH8G§
! Yar SOtmYw t 1 a o oajl T ohw
‘souIr} uoneISIu 310ys [erjIul Joj AJUO PI[eA SI [9pOUW MU Y] IOIARYq
uonred oY) SIOPISUOD YOTYM ME[ I JO UonNn[os 9y} JoJ wio} poyrdwis mau e sasodoig

(1000) ‘T8 19 9pIen

(1002) e 1? Ieruoone

(2007) 'Te 12 yospuelg

(2002) “Te 12 yospueig

(2002)
13doo) pue uaug,O

(Q°ez007) 'Te 1 Jorukay

(2007) 'Te 1 Sunyd

suonipuo)
uonepIfeA Teluowradxyg

suonduwnssy pue
$9A100[qQ) [9PON

Q0URIRJIY

(panunuoy) Suideyoed onserd woiy uonessrur Jo1paid 0] I9PIO UL INJEIAN] ) Ul pariodal S|OpowW [eoreWAYIeW dy) Jo Arewnuung | d[qe],



(28pd jxou uo panunuoy))

S[aMm ] 01 T DG :SUONIPUOD J0LIU0))
95990 ‘ayed ‘ordde ‘uowpes ‘UIIYD ‘WIey ‘Joq ‘@IL[0d0YD ‘ApULd :SPO0]
91B100® 980[N[[0 ‘DA :SurSeyoeq
sajedipe pue sojefeyreyd JuaIoyIp SIUBISTA
Qrnjerodwe) WOOI :SUOYIPUOD JOLIU0))
SdIH ‘SV :sreuojewr SurSeyoed
S ‘NV SIOWOUOJA :SJUBISTIA
Do0F PUE ‘O ‘0 UOISISUWIWI [£)0) :SUOTIIPUOD JOBIU0))
(%001-0%) Suonn|os [ouryly :SIUB[NWIS
AdATT :Surseyoed
89150Je3I] ‘9/ ()] XOURSI] :SJURISIIA
PpaoRnXa [10 Jo Aiuenb yim uoreIqred (dd oyl
ur d[yoId UOTIEIJUIUOD IO SAT[O SULINSEAUI J0J | WD {7/ 18 Y[ L 20ULqI0sqy
QoeyIns Je wnqIIba 10§ MO[[e 10U S0P ‘D) Oy @SAEP ()] :SUONIPUOD JOBIUOD)
dd 1ewkod
110 2A110 sa102ds Sunenauad : JueISTN
S[[99 9PIS J[SUIS D ,0F@SKEP T “D0LDY 9 :D0L@Y T :SUODIPUOD 1OBIUOD)
[10 QAT[O :JURIAWIS POO]
( pap[now-moq pue senbeyd papnow-uonosfur) gJqH :SurSexoed
9[0Ze1L1I0ZUdq 0I0[Yd-G-(JAuaydylow-¢-141ng-1-¢-AX0IpPAY-7)-7
‘9/0] Xoue3I] ‘191sa([AXY[AYIe-7)SIq
proe oidipe ‘ououaydozuaq Ax0]4100-U-1-AX0IPAY-7 JURISIA
£(1093J0 JuI[oMms INOYIIM SN[
PUE JUBR[NWIS JNOY)IM) SAN)IPPE JO 92INOS PUE SWIY JO Joels - WnLqIInba
103 Sunrem noym awr jo porrad 110ys € ul paureiqo Affeuownedxa 4y
1 JO uonRUIIIISIOP [ejuswLIdd X
o0t :SUONIPUOD 10BIU0D)
HdATT Pue ‘HIAH ‘AddT dd Sursexoed
*019 ‘soued[e SJURISIA

qwm Jey) Je JSIp 9y ur d[yoId Jy} JO UOTJRUIULIONOP PUB W}
OB3 Je YSIP QU0 JO [EAOWAI ‘SYSIP DAJ 0T YA Ieq D ,(S :SUOHIPUOD J0BIU0))
[oueyld ‘S[I0 A[QIPI JUB[NWIS POO]
DAd :Suideyoeq
(SUOTBIUAOUOD [BIIARS) JO :IUBRISIA
S[[92 dpTS J[FUIS DOy @SKep 01 2D ITI @YU T 2D 0LDY T :SUOHIPUOD 1LIU0D)
[10 QAI[O :JUR[NWIS POO]
(papInow-moq pue uorsnnx? ‘sanbejd paprnow-uonosafur) 44 :Surdeyoed
9[0Ze11}0ZUdq 0JO[Yd-G-([Auaydiiyiow-g-141ng-1-¢-AX0IpAY-7)-7
‘9,01 xoue3i] ‘19)sa([AxaY[AYIR-7)siq pioe oidipe ‘Quousydozuaq
Kx0[£100-U-§-Ax0IpAY-7 ‘auaydoryy-(jA[ozeozuaq-g-[1A1ng-1-G)sIq-G*7 :JURISTIA

4
a d
Yahe ]! \wQ\ At

_v
LIl — =— | = —— =
1 for = =5 04y Yale AW

‘Jopow UOTJRISIA] -
SIUQIOYFo00 uonnIed pue UOTISNIJIP JO UOTIRUTULINA(] -
£pO0J PI[OS © OJUI [eLIJeW WOy 19z1onsed jo uoneiSiw 1oy [apouwr & dojoad(q -

‘suonnjos payrduis pue | 31, 0} SUIPIOOOL ME[ YOI JO SUOTIN[OS :[OPOW UOTIBISIIA] -
‘oInsodxe IOWNSUOD 9JeWITIS 0} pue UONBISTW ISWouow [enprsar 3o1paid 03 [opow ofdwig -

‘suonnjos payrjduis pue | ‘31, 0} SUIPIOIJE MB[ YOI JO SUOIIN[OS :[9POW UOTIRISIA] -
£SUOTIN|OS JI[OURYIQ JUAIIIP OJul suya[oAjod WIOI} SJUBPIXOIUR JO INOIABYIQ UOTRISIIAl -

'z "S1 01 SuIpI100o€ ME] YOI JO SUOTIN[OS ([9POUT UOTIRISTIA] -
dd 0T UOISNYJIP [10 JAT[O JO S1d)awered d1jou 3y} JO UOTIRUTULIARP pue SUI[[OPOIA -

¢ "31 01 SUIPI02o® ME[ YOI JO SUOTIN[OS :[OPOUT UOTBISIIA] -
‘eyep rejuowzadxo yim uorsredwoos Aq sfepout (11) 9SuLg pue (1) V(] JO uonenfead -

‘ssew Jejowr Sursn jo peaysur (adeys snoajour 3y}
10§ SUNUNOdok) AWN[OA JATIPPE PUE SJUAIDYF0D UOTSNIJIP USIM]Q UOTR[ALI0D k& sasodold -
PajepIfRA JOU
Inq pajuasaxd st (Vg juepuadap uonenuaduod) sjoagye Surzonserd oy SULISPISUOD [9POIA] -
( JO uonew)sa 10§ dy/ JO SAN[BA
1oy0 sesodouid :uorjerSiur ased js1om Jo uondrpald 10j [opowr 1oFuLig jo jusuwasorduy -
(O/v-)dxe°q = (1'v)a
0<1I10J*°)=01"TH)D=0"T-)D
7 < xpue7—>xI0y0=(0YD
T<X>7—-14°D=(0"D
Xe yYe _ Je
T>x>T7—100(5A)7F = 3
UONEIUOUO0D JO Juapuadap (7 SULIOPISUOD [opou UOTIRISTIA] -

¢1 "31 01 SUIPI0JOR ME[ YOI JO SUOTIN[OS :[OPOUI UOBISIIA] -
(eyep TeIuRWILIAdXD Yim uorsLredwod)
JUAIOLFA0D UOISNIJIP A} AJBUINISS O [dpoul JoSulild 10] s1ojowered jo uonenfeay -

(L661) Suop pue ne|

(L661) e 12 ApprT

(8661) 'Te 10 uassur|

(8661) 'Te 32 3onbry

(6661) Te19 uaLg,O

(6661) T8 19 1IUAY

(0002) 'Te 12 el

(1000) ‘T8 19 uslg.0



dy = Ty Aoy = Y
by =49 AQVQQN\,DN vy (1)

4
(0002)
1yafo=al owmﬂs = wh& M Suop\ pue neq 10w
‘parepifea Afreruowiniadxa jou [opojy  (11) 91qISI[Sau Jou PoOoj Y UI UOISNYJIP JO ISeD AY) IOPISU0D 0] (1) UoIN[os JUel) Ay} SOYIPOIA (Z861) Te IR 1ILL
uonoenxg,{S pue Aydeidojewory DS :sonbruyod) eonireuy
Do0F @ P O] :SUOIIPUOD JoLIUOD) 'S QUWIAIXS 0M] pue | S 0) SUIPI0OE MEe[ JOL] JO SUOTIN[OS ([OPOW UOTRISIA -
Toueg ‘[1o uro) ‘/0¢dH ‘TI0 SAI[Q :SJUB[NUIIS POO] sioyIne
VAA ‘dddH ‘AddT ‘dd :Teterew Suideyoed IQUJ0 WOJJ S)[NSAI [ejudwLIadXd WOl SJUAIOYFR09 uolsnyjip pue uonired 1oy eyep eoudwy -
LHZ ‘891 S0Je3I[ ‘9071 ‘0101 Xoue3i] :JueISIAl ‘suonerngar ueadoing yim douerjdwod ssasse 03 [OPOIA - (#661) 13uLng
] JUSIHIP J0F d A sonel TINS/INO ‘sjuesStur o1qoydorpAy pue syue[nwis snoanbe 10 (11)
uoneisSiu 91o[dwod pue [=3] 10} [ JA sonel TINS/INO suonorpald osed 1SI0M pue sjuenuils jey 10y (1)
(Do0F®@P OT) S[ELIRJEW JUAIILIP J0] “IAT IA sonel TINS/INQ SIuasaId 1S9SEO WIAIX 0M) pue | "SI 0] SUIPIOOOE ME[ YOI, JO SUOTINOS ([OPOW UOTJRISIIA] - (9661) 193uLng pue
Jueq eIep Wolj ejep uoneIsiu reyuswadxyg ‘suonerngar ueadoing yum ooueIjdwiod ssasse 0] [OPOJA - ZUBL] ‘Yospuelq ‘Ioueg
0,09—0¢ 2mmjerodway,
uukINqu, ‘g gH ‘[OURYIF TI0 UI0D :S)uB[nWIg
dd pue 4dA'T ‘GddH :Terrerew Sursexoed
ZED-U‘§1D-U ‘LHY ‘Your3i :sjurISIN (9661)
Jueq ejep woij ejep uoneIStu fejuowodxy SJUQTOYJO09 UOISNIIP 0] [opow [eonrdwe-Tuds € sdojoad(] - PIOUI[[OH pUe W |
UOISIdWWI []0) J0 9pIs-a[3urs ‘senbejd papnow-uonosafur
22,001 PUE D, ITI @Y T D07 @SAEP (] :SUODIPUOD 10BIU0D)
£[10 QAI[O ‘[OUB[ID %G ‘PIOE NI 9, ¢ JUBINUIIS POO] 0% Y
OAd ‘ddD ‘dd ‘S4V ‘SdIH ‘AddH ‘HddT :Sursexoed {[oPOW [EdIEWIAYIEW YIIM EIep [eluowiiiadxs jo uostredwo)) -
proe oruoydins ‘{(uone[a110d JeaUI[ 10J S)0O]) JowA[od oy} (L66T) 291,
(21D-8D)14Me “(Touayd perepury) gjeuordord-xx “VHAQ ‘VAY :SIURISI Ul UONEIIUAOUOD [ENIUT JIAY) pue saAnIppe sonse[d Jo uoneiStw oygroads ueamiaq Uone[oro)) - pue 1odoo)) ‘uonig. O
suonIpuo)) suondunssy pue QOURIRJY
uonepIfeA Tejuowadxy $9A1109[qQ) TOPOIN

(panunuoy) Suigeyoed onserd woiy uoneiIrw Jo1paid 0] 1opIo Ul INJRINI] Y3 Ul pajtodar sopowr [edreWwAYjEW Ay} Jo Arewiwung | d[qe],



Packaging Food
Material
P
C&
F
CA
0 > X
L
Initial conditions
C’(x,00=C, Ch(x,0)=0
Boundary condition
cll i _vracy
ox |, 4 ox 4 o |,
Balance Equation
aC” _ 9°C”
ot 1 ox?
Solutions
F oo 2
M, _ -y 20(l+ ) exp| — D1 dn Piringer Mode/
M (e0) S+a+a’q; r
VF
g, are the non - zero positive roots of tang, = —aq, o= >
K.V
if a >>1becauseV, >>V, and/or K, <1 ,then asimplified solution :
M = 2n+1)’ 7’
i _ _izz_zexpi_l);t%
M (o) 7" (2n+l) L
and for low migration times :
ME 2
— —=——=D,t FDA Mode/
M) Lz '
if a <<1 becauseV, =V, and/or K, >>1 ,thenasimplified solution :
M j 2 K V
=1-exp(Z*)erfc(Z Z ==L, D"t = F/
Y : (o) p(Z7)erfe(Z) P 4 A

Figure 1 Migration controlled by diffusion in the packaging material

K p represents the partition coefficient of A in the system
packaging material/food, which can be assumed as constant for
low concentrations.

The boundary conditions establish that there is no transfer
at the outer surface of the packaging material which is valid to
assume if the migrant is of low volatility. The boundary condition
at the surface of the packaging material in contact with the food
depends on which mass transfer resistances at interface must
be considered. Figure 1 represents the case of negligible mass
transfer resistance on the side of the food, which is the case for a

well-mixed food or a Bi number greater than 100. The mi-
gration process is controlled by the diffusion of the migrant
through the packaging material and the migrant is well dis-
tributed in the food. Most of the work developed (Table 1) con-
siders the system packaging/food as described by boundaries
leading to analytical solutions as shown in Fig. 1 (Pennarunetal.,
2004a; Begley et al., 2004; Stoffers et al., 2003; Garde et al.,
2001).

Figure 2 represents the case where the mass transfer re-
sistance on the side of the food is not negligible, but can be
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Figure 2 Migration considering diffusion in the polymer and convection/boundary layer resistance in the food

approximated by a convective process, with a gradient in the
boundary layer, and the convective mass transfer coefficient (/)
is not infinite. The effect of # was discussed in Verganud, 1998;
Reynier, 2002a,b; and Vitrac and Hayert, 2005; but very few val-
ues are available in the literature for food packaging applications.

In many practical cases the food can be assumed to be stirred,
not controlling the diffusion of the migrant, particularly in the
case of liquid foods or simulants. For solid or semi-solid foods,
however, this assumption is unlikely to be valid and the transfer
of migrants will be influenced also by the diffusion in the food
itself, and a diffusion coefficient in the food D ﬁ must also be
accounted for, although much less effort has been dedicated
to this case (Lau and Wong, 1997 and 2000). This situation is
illustrated in Fig. 3.

The behavior at the packaging/food interface also depends on
whether the partition effects must be considered. Depending on
the K p value and the packaging geometry, at equilibrium the mi-
grant A may be transferred totally into the food or only partially.
In some practical cases, the ratio of food volume/packaging vol-
ume is high (>10) and if Kp < 1, as in hydrophobic migrants
migrating into fatty foods, then «>>17 and it can be assumed
that the whole amount of A migrates; if Kp > 1, as in aqueous
foods, then only part of the initial amount present at the pack-
aging material migrates into the food. These two “border” cases
correspond to the two extremes of polarity of food simulants
defined in the EU regulations for migration tests for many addi-
tives (Fig. 4): Kp < 1 for non-polar fat simulants, like olive oil
and HB 307 and K p >> [ for polar aqueous simulants (Piringer,
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Figure 3 Migration considering diffusion in both the packaging material and food

1994). In these extreme cases, the simplified solutions of equa-
tion (1), as shown in Fig. 1, are often used (Linssen et al., 1998;
Lickly et al., 1997; Baner, Brandsch, Franz, and Piringer, 1996).

In Figs. 1, 2, and 3 it is considered that the food does not in-
teract with the packaging material, i.e., it does not penetrate into
the material. Therefore, the diffusion coefficient of the migrant
A in the packaging material D%, is considered to be constant,
independent of time, location, and species concentration. This

may be true for low concentrations of the migrant which happens
in most cases. An exception is made for systems with additives
at concentrations higher than 10%, for example plasticizers in
PVC (Djilani et al., 2000).

If swelling of the packaging material occurs, that is pene-
tration of F into P, a mixed phase (P/F) or a swelling layer
located between the still unchanged material and the food is
formed (Fig. 4). The thickness of this layer increases with time,
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Figure 4 Migration considering interaction between the food simulant and the packaging material

and as a rule, the diffusivity of the migrant in this mixed phase
is greater than in the unchanged material (Figge, 1980). Conse-
quently, A migrates faster from a partially swollen material than
from a material which, due to its properties, does not absorb
the food - D4 becomes dependent of time and on the relative
distance to the food/polymer interface (Helmroth et al., 2003;
Reynier et al., 2001). Riquet et al. (1998) determined the mass
transfer coefficients (D and &) for the penetration of olive oil
into PP.

The simplicity or complexity of the model solutions depend
on the objectives behind the model and thus on the accuracy re-
quired. If the model objective is to assess compliance with spe-
cific migration limits, estimates such as the maximum amount
migrated within a certain storage time or the amount migrated
at equilibrium are the answers required. If the objective requires
the estimation of the migration process during the whole period
or with more precision, then solutions more complex, usually
found numerically, are required. However, considering the com-
puting power available today, the simplifications assumed in the
past to allow easier calculations are no longer necessary.

Determination of Model Coefcients

Migration prediction, according to models based on Fick’s
Law, requires data for at least two fundamental constants: the
diffusion coefficient (D ﬁ ) and the partition coefficient (K p). The
first is a measure of “how fast” the migrant travels in the matrix
and the second describes the relation between the concentration
in the packaging material and in the food, at equilibrium, or
“how much” migrant is transferred to the food.

Diffusion in a polymer is influenced by several factors (Limm
and Hollifield, 1996): (i) related to the polymer and to the
manufacturing process, such as molecular weight distribution,
density, cristallinity, orientation, solubility parameters; (ii) mi-
grant factors, such as molecular size and shape; (iii) polymer-
migrant interaction factors, such as plasticization effect; and
(iv) temperature factors: polymer glass transitions and melting
temperature.

The diffusion coefficient may be determined from migration
values, i.e. following the concentration of the migrant in the
food simulant with time, or directly, measuring the concentra-
tion profile in the polymer at various times (Rosca et al., 2001).
The former approach takes into account the effects at the inter-
face material/simulant but the solid/solid tests avoid the poten-
tial plasticizing and partitioning effects (Reynier et al., 1999;
Pennarun, 2004a,b). These determinations can be accomplished
by using a stack of migrant-free plastic films in contact with
a migrant source, or using a single sheet with higher thickness
and then using a microtome to obtain sections of the polymer
sheet, where individual values of the concentration are obtained
(Helmroth et al., 2002a). Although less demanding in terms of
equipment, the stack method has the major drawback that the
transfer of the migrant between layers influences the results.

The determination of model coefficients can be as time con-
suming as the actual migration experiments. For this reason, an
empirical relationship between the diffusion coefficient and the
molecular weight of the migrant and the temperature was es-
tablished for LDPE, HDPE, and PP based in published results
(Piringer, 1994; Baner, 1996) and later improved and extended
to other plastics (Brandsch et al., 2002):

Df; = 104exp (Ap — ClMi,/3 +C, M, — C3/T) cmz/s 6)

where T is the temperature in °K, C,, C», and C3 are constants
and Ap is a polymer dependent constant, according to:

/ T
AP:AP_T (7)

Equation 6 is applicable to migrants of molecular weight M,,
in a wide range from 100-2000, and represents an Arrehenius-
like relationship, with the parameter t and the constant C3, both
with the dimension of temperature, contributing to the diffu-
sion activation energy. The parameter C results from a corre-
lation between the molar volumes and masses of the series of
n-alkanes. C, accounts for the decreasing impact of molecu-
lar weight on the diffusion coefficient at increasing molecular
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Table 2 Constants for estimation of diffusion coefficients in plastics
(Equations 6 and 7).

Polymer Ap T T, °C
LDPE/LLDPE 11.5 0 <90
HDPE 14.5 1577 <100
PP (homo and random) 13.1 1577 <120
PP (rubber) 11.5 0 <100
PS 0.0 0 <70
HIPS 1.0 0 <70
PET 6.0 1577 <175
PEN 5.0 1577 <175
PA (6,6) 2.0 0 <100
Constants Ci Ca C3
0.135 0.003 10454

weights (Piringer, 2000; Brandsch et al., 2002). Parameter Ap
was derived from published diffusion coefficients from many
different sources (Mercea, 2000), considering an upper limit
defined statistically to account for scattering of data. This also
provides a safety margin to avoid underestimation of the dif-
fusion coefficient which may lead to values of migration lower
than those experimentally determined and a consequent accep-
tance of a non-compliant food contact material. Given this con-
servative approach, equation 6 provides upper values of D¥
for a given molecular weight and temperature, which are used
to assess compliance with regulation limits in Europe. Table 2
summarizes the constants for equations 6 and 7 for the major
polymers used in food packaging (Begley et al., 2005).

A considerable amount of published work has been devoted to
the evaluation of migration estimates using this model (O’Brien
et al., 1999, 2001, 2002) and to improving model parameters
(Reynier et al., 1999; Brandsch et al., 2002). The Practical Guide
presents a list of substances from the Directive 2002/72 for plas-
tic materials with specific migration limits, for which migration
modelling is applicable as a tool for compliance verification.

Alternatives to the estimation of D% based on the molecu-
lar weight of the migrant using this Arrhenius-like relationship,
have been proposed. In one approach the diffusion coefficients
were correlated with the weighted, fractionated volume of the
migrant molecule (Reynier et al., 2001) and in another Vitrac
and his co-workers proposed a relationship with the Van der
Waals volume, the gyration radius, and a shape parameter (Vit-
rac, Lézervant, and Feigenbaum, 2006).

The estimation of diffusion coefficients in foods rather than
simulants, for a set of migrants, was the focus of the Food-
Migrosure European project (QLK1-CT2002-2390). By mea-
suring the concentration profiles of the migrant in the food at
two temperatures, an average E, was determined and applied
for the calculation of the specific constant Ay (Brandsch et al.,
2006a,b):

Eq

RT ®

Ar =InDf +

In a two-phase food/packaging material system, migrant transfer
from one phase to the other proceeds until the thermodynamic

equilibrium between the phases is reached. The partition coef-
ficient is defined as the ratio of migrant concentration in the
packaging material to its equilibrium concentration in the food
or simulant phase (4). The partition depends on the specific
properties of the migrant, of the food, and of the material. Rel-
evant properties include the chemical structure and molecular
size of the migrant, the pH and fat content of the food, phase,
the nature of the packaging material, and the storage temperature
(Tehrany and Desobry, 2004). As the migrants will be present
in low amounts in the food, it is a fair assumption to a linear
equilibrium relationship, that is, a constant partition coefficient.
Apparently, less effort has been devoted to the determination
or estimation of partition coefficients of safety related migrants
from packaging materials when compared to the studies related
to the absorption of aroma and flavor compounds of the food by
the material.

In the absence of specific data, the partition coefficient is
commonly taken as Kp = 1, meaning that the migrant is very
soluble in the food phase (Begley et al., 2005). This assumption
leads to the highest migration values at equilibrium and it is com-
monly used in models employed in the assessment of compliance
with migration limits established by legislation (Piringer, 1994;
Baner et al., 1996; O’Brien et al., 2001, 2002; Helmroth et al.,
2002°). If the migration limits are not exceeded when employ-
ing this conservative assumption, the safety is assured and no
experimental work is required (EC, 2003). To get more precise
estimates the use of experimental values of K p is recommended.
Partition coefficients can be determined experimentally by con-
ducting migration experiments until or close to equilibrium. It
should be noted that if relatively thick materials are used, equilib-
rium may not be achieved in a reasonable time frame. Brandsch
and his co-workers (Brandsch et al., 2006*?) proposed a log-
linear relationship between the partition coefficient of migrants
between the plastic and the food (K p) and the partition coef-
ficient of the migrants in an octanol/water system (K,,,), the
latter being the standard quantity to characterize the hydropho-
bicity/hidrophilicity of amolecule (Tehrany and Desobry, 2004).
The relationships were established as “upper-level safety lim-
its” for specific food groups such as liquids, milk products, meat
products, cheese products, margarine/mayonnaise, etc.

log(Kp) = C4 log(Ko/w) - Cs 9

Most of the experiments that aim to determine the diffusion
and partition coefficients are carried out in tailor-made spec-
imens rather than in real packages. A comparison between
migration values from sheets to migration values from pack-
ages show that, usually, migration from moulded packages is
lower than migration from sheets, due to edge effects (Figge
and Freytag, 1984). However, polymer conversion techniques,
such as thermoforming or blow-moulding, do not seem to have
a significant influence on the migration values (O’Brien et al.,
2002).


tlago
Typewriter
(8)


Polymer-Food Systems Studied

Table 1 presents a compilation of studies related to math-
ematical modelling applied to migration of components from
packaging. It briefly presents the objectives of the work, the
model assumptions, and the experimental conditions for model
validation, particularly the migrant species and the packaging
materials in question.

Polyolefins (LDPE, LLDPE, HDPE, and PP) are the group
of packaging plastics most often used in migration studies for
mathematical modelling. Elements of this group of plastics are
very often the layers actually in contact with food. The quantity
of available migration and diffusion data is much smaller for
PET, PEN, PS, HIPS, and PA than for polyolefins. The inherent
low diffusivity in these non-polyolefins has led to numerous ex-
periments showing non-detectable results for migration (Begley
etal., 2005). Diffusion takes place through the amorphous phase
of the polymers. Therefore, the crystallinity and glass transition
temperature (and its relation to the temperature of use) greatly
influence the diffusion rate. Little data is available for polymers
that are glassy at their temperature of use. In such cases the
experimental duration is much longer, due to lower values of
diffusivity.

Polyolefins are non-polar materials (Fig. 5) and will be in a
rubbery state at their temperature of use (Tg ~ —20°C). When in
contact with non-polar simulants, for many additives which are
hydrophobic, polyolefins yield low partition coefficients result-
ing in high values of migration of the additives at equilibrium.
For these reasons, polyolefins are often used in migration exper-
iments for modelling purposes, since they allow for faster and
more sensitive results. In most cases, the migration of antioxi-
dants is the subject under study (Piringer, 1994; Lissen, 1998;
O’Brien et al., 1997, 1999, 2001; Garde, 2001).

Polystyrene (PS) is commonly used for yogurt cups and other
dairy products, confectionery, etc. Despite having a Tg of 90°C,
it is totally amorphous at temperatures of interest for food pack-
aging applications. Styrenic polymers have also been studied,
particularly for the migration of the monomer styrene (Choi
et al., 2005; Lickly et al., 1997) and additives (O’Brien et al.,
1997).

PVC has seen its application in food packaging greatly re-
duced, although it still finds a major application in medical

Polymers: PA > PET > PS > Polyolefins
Food simulants: Water > Ethanol > Olive oil > Isoctane

Figure 5 Relative polarity of polymers and food simulants

devices where a direct contact also occurs and thus the migration
of the VC monomer and particularly of plasticizers is a concern
(Djilani et al., 2000).

The family of polyamide (PA) is applied very often as pack-
aging materials or utensils intended for repeated use at elevated
temperatures and relatively short periods of contact time. PA
has been studied for the migration of monomers like capro-
lactam from PA6 (Bradley et al., 2004), cyclic di- and trimer-
laurolactam from PA12 (Stoffers, et al., 2003), and primary aro-
matic amines, a product of a reaction of isocyanates residues
from PA66 with water (Brede and Skjevrak, 2004). There are
less data available for estimation of diffusion coefficients and
these are strongly affected by water absorbed by the material.
Therefore, the migration values into water or aqueous simulants
are higher than migration values into olive oil.

PET shows very low levels of global migration (Castle et al.,
2004). Due to the low diffusivity of most migrants in PET, the
determination of diffusion coefficients in PET requires long term
experiments. Although there are a number of studies on migra-
tion from PET of substances such as terephthalic acid, ethylene
glycol, acetaldehyde and others, there are few studies on the
determination of specific mass transfer characteristics (Begley
etal.,2004). In most applications, very low amounts of additives
are added to PET. UV stabilizers are, probably, the most impor-
tant from a safety point of view (Monteiro et al., 1999; Begley
et al., 2004). The diffusion properties of PET, which are glassy
at room temperature, are expected to be strongly influenced by
the liquid in contact (as the kinetics is limited by swelling), as
well as by the nature and the concentration of the migrants (Pen-
narun, 2004%). Begley et al. (2004) found interaction between
ethanol solutions and PET (both polar) causing diffusion to be
faster than into isooctane, a non-polar simulant (Fig. 5). Pen-
narun et al. (2004%) showed that the D values in PET are more
sensitive to the molecular weight of diffusing species than in
LDPE. Most of the more recently reported migration modelling
studies for PET, are related to the capability of a virgin layer of
this polymer to provide an efficient barrier to migration of po-
tential contaminants present in outer recycled layers (Han et al.,
2003; Pennarum et al., 2004?).

In studies for model development, the migrating substance
should be selected taking into consideration the stability under
migration/extraction conditions, the properties such as polarity,
volatility, molecular weight, etc. and the analytical methods for
quantification in either the polymer or in the food simulant. In
the literature reviewed, the migrants often used are commer-
cial additives such as antioxidants and stabilizers (Irganox, Ir-
gafos, BHT, etc.). Irgafos168 is a recommended test substance
to experimentally establish the diffusion behavior of polymers
according to the EU legislation (Practical Guide). Although
this compound is always accompanied by its oxidation product,
Irgafos168ox, the reproducible mass balance of the two sub-
stances and the analytical ease of detection, allow the simulta-
neous determination of the sum of the parent and the degradation
products.


tlago
Typewriter
Polymer-Food Systems Studied


Table 3  Characteristics of software available for migration simulation

SML Advanced Version 4 MigraTest (© Lite 2001
SFOPH and AKTS FABES Forschungs-GmbH
Software www.bag.admin.ch www.fabes-online.de/
Model Diffusion coefficient: Diffusion coefficient: Piringer Model
- Arrhenius Partition coefficient: Can be selected
- Piringer Migration: Fick’s law with analytical solutions
- Customized equation
Partition coefficient: K<100
Migration: Fick’s law solved by applying Finite
element analysis
Materials LDPE, LLDPE, HDPE, PP (iso, rubber), PS, HIPS LDPE, LLDPE, PP (homo, random, rubber), PS, HIPS,
PET, PBT, PEN, PA PET, PEN, PA
Migrants 326 monomers 255 monomers and additives from Directive 90/128 and
513 additives amendments (2001/62) and Synoptic documents (15/01/2002)
Food simulants -User defined -EU simulants

-Diffusion in the plastic layer may be considered

Contact conditions Temperature profile:

- Constant

- Stepwise

- Shock

- Modulated

- Real atmosphere
-Rectangular
-Cylindrical
-Spherical
-Spherical segment
-Truncated cone
-Surface/volume ratio

Packaging geometry

Layers Up to 10 layers

-Food lists (reduction factors)
-User defined
Constant temperature:
- EC conditions
- user defined
Two/Three consecutive levels of constant temperature

-EC, FDA
-Rectangular
-Cylindrical
-Spherical
-Conic/pyramid
-Toroidal
-Miscellaneous
Mono

Computer Programs

To perform model calculations for the prediction of the mi-
gration values and to handle data of migrants and packaging
systems, a number of software applications have been made
available. These programs are intended as a tool by laboratories
and industries in assessing the compliance with regulatory limits
of specific migration.

Table 3 presents the characteristics of the two, more com-
monly cited, user-friendly programs:

(1) Migratest Lite 2001 (Revised April 2003) was developed
by Fabes GmbH: based on Piringer model (Brandsch et al.,
2002; Piringer, 1994; Baner et al., 1996); estimates the dif-
fusion coefficients by applying equation (6). It is based on
European Union regulations (although FDA standard pack-
aging may be selected) and it includes a data-base on the
substances legislated by the EU: including migration limits,
common concentrations of use, diffusion coefficients, and
partition coefficients; it considers two limit situations K =
1 or K = 1000, if a predefined simulant is selected.

(2) AKTS-SML Software is available as a freeware for mono-
layer materials and as a licensed version for materials with
up to 10 layers. It employs Finite Element Analysis (FEA) to
solve the model equations (Roduit et al., 2005). Calculation
of the diffusive process is based on Fick’s law. It considers

the Arrhenius equation and the last version of the Piringer
model with refined A, constant for the approximation of the
diffusion coefficients. Diffusion and concentration distribu-
tion in the package layer can be computed for both migrant
leaving and food components entering the packaging. The
program AKTS-SML is a joint development of the Swiss Fed-
eral Office of Public Health (SFOPH) and the company Ad-
vanced Kinetics and Technology Solutions AG (AKTS AG).

INRA has available a freeware SMEWISE (Simulation
of Migration Experiments with Swelling Effect) available at
http://www.inra.fr/Internet/Produits/securite-emballage/pagefr.
html#haut and according to the model described in the literature
(Reynier et al., 2002). The software (in operative system
DOS) is for numerical resolution of equations of the model
that considers the diffusion coefficients of both additive and
simulant dependent of time and concentration; this research
group has also the freeware MULTITEMP for mass transfer
during polymer conversion and MULTIWISE for multilayer
materials (Dole et al., 2006P).

Conclusions

Most of the work developed concerns deterministic mod-
elling, as shown in Table 1, and the models were developed to
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assess compliance with regulatory limits. In this case, model
coefficients are estimated, or approximated, with safe margins
(and worst case assumptions) instead of precise determinations.
The absolute worst-case migration model, verifies what would
be the final concentration of the migrant in the food or simulant if
all migrants are transferred from the polymer. If the specific mi-
gration limit is not exceeded, then no further model refinement
or experimental determination is required.

The mathematical models presented in Table 1 are almost all
based on Crank’s solutions of Fick Law. Two major cases may
be pointed out: the “FDA model” based on system assumptions
leading to a simple solution valid for low migration times, and
the “Piringer model,” a more elaborate solution (Fig. 1). O’Brien
et al. (1999) compared these two solutions for the migration of
a number of additives from HDPE into olive oil, and found
that the FDA model was more accurate in most situations, but
underestimated the results more frequently.

In Europe, the Piringer model has been evaluated and a com-
parison of model predicted values with experimental results has
shown that, in 95% of the cases, the model overestimates the mi-
gration values (O’Brien et al., 1999, 2001, 2002; Begley et al.,
2005). This means that the model can be used to support and
verify compliance with the regulations, ensuring a margin for
consumer safety. However, the need for models to be able to
produce estimations close to the real values, reducing the overes-
timations (Begley et al., 2005) and reducing the risk of rejecting
safe packaging systems has been recognized.

Deterministic models do not give information on the vari-
ability or the uncertainty in the migration values. Stochastic and
probabilistic approaches have proved to be excellent tools in a
number of research areas and are receiving increased interest in
packaging research dealing with migration. For regulatory eval-
uation, the uncertainty of overall migration is set to be 2 mg/dm?
or 12 mg/kg. These values were based on ring trials carried out
within the CEN working group. However, for migration of spe-
cific compounds the variability of the diffusion and partition
coefficients, for example, is not known. Therefore, probabilis-
tic approaches in this field still require considerable research
effort.

Nomenclature

A Contact surface area normal to direction of dif-
fusion

Ap, A;,, T Polymer constants for diffusion coefficient esti-
mation

AFr Food constant for diffusion coefficient estimation

Bi Biot number

ch Concentration of A in I phase

C,Cr,Cs Constants for diffusion coefficient estimation

Cy, Cs Constants for partition coefficient estimation

D% Diffusion coefficient of A in the packaging ma-

terial P
Diffusion coefficient of A in the food F

Dj/ F Diffusion coefficient of A in the P/F phase

E, Energy of activation

h Coefficient of convective mass transfer

HDPE High density polyethylene

Kp Partition coefficient between P and F

Ko/ Partition coefficient in the system octanol/water

LDPE Low density polyethylene

LLDPE Linear Low density polyethylene

M Mass of A in I phase

M, Molecular weight

pPVC Polyvinyl Chloride

PET Polyethylene terephthalate

PP Polypropylene

PA Polyamide

(HDPS (High impact) Polystyrene

Phase P Unchanged packaging material in which the mi-
grant is present at t = 0

Phase P/F Packaging material P swollen by the packaged
product F

Phase F Packaged product

t Time

T Temperature

T, Glass transition temperature

V! Volume of phase I

X Space coordinate in the direction of diffusion
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