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1. Introduction

1.1. Adhesivesin food packaging

1.1.1. Application areas

The use of adhesives for manufacture of food pangagaterials is inevitable to create the
multi-layer composite films, to make the shapehaf packaging and to attach the labels. For
these applications, adhesives are used in varicags \ior adhesion, sealing or seaming
between different two or more-layers of plastic graper or their combined forms, for
instance flexible film-to-film lamination, paped+fi/cardboard-film combination, rigid multi-
layer plastic packaging systems, sacks and pouemes)abels. Besides these applications,
there are special applications like refrigeratongzrowaves, kitchen furniture and corks for
alcoholic beverage bottles.

The demand and production of adhesives is incrgagar after year in Germany. In 2002
and 2007, 640.000 and 798.000 tons of adhesives preduced in Germany respectively. In
comparison with the outturn of 2006, 67.000 tonsemacreasedHandbuch Klebtechnik
2008/2009]

The paper & packaging industry is the major markegment for the consumption of
adhesives occupying 35 % of the entire German aghesnsumption (Figure 1-1). The total
adhesive consumption of EU market is almost 3 arillions[FEIKA 2004]. 22 % of the
adhesives and sealants that were manufactured Eu&pean Union member states in 2007
were used for packaging (Figure 1[BASA 2007].

Wood and furniture

15% Paper and packaging

Other 5%

8%

Do-it-yourselt sector
8%

Transportation
5% /
Construction industry
Footwear and leather
26%
3%

Figure 1-1. German adhesive consumption by madgrnentgPeters et al. 2002]
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Packaging
22%

All other end
uses
53%

Woodworking
9%

Transportation
16%

Figure 1-2. End-Use Markets segments of adhesivk salant in 27 European Union
member state BASA 2007].

Various adhesive systems such as water/solventdpbds&-melt, cold/heat seal and
pressure sensitive systems are mainly used for pagllaging materials. Table 1-1 shows the
use of adhesives to manufacture food packagingrialste

Table 1-1. Use of adhesives for food contact maliBradley 2006]
Application Type of food contact Adhesive system

- Reactive polyurethane adhesives
) . ) . - Reactive epoxide systems

Flexible packaging laminates Indirect .
- Water based adhesives

- Hot-melt adhesives

. - Water based adhesives
Box closure Indirect .
- Hot-melt adhesives

- Cold seal / heat seal coatings
o ) o - Solvent based adhesives

Sealable lidding Direct / indirect _
- Water based adhesives

- Hot-melt adhesives

- Pressure sensitive adhesives

) ) o - Solvent based adhesives
Labelling Direct / indirect .
- Water based adhesives

- Hot-melt adhesives

Since the volatile organic compounds (VOC) emissicare tightly restricted by
government, the flexible film lamination and pagaminating industry is gradually and
rapidly changing from organic solvent-based adlessio water-based adhesives or solvent-
free adhesives like hot-melts types. The consumpifcorganic solvents for the manufacture
of adhesives had been gradually decreased abob #0r 15 years (1989 ~ 2005) in
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Germany [Handbuch Klebtechnik 2006/20Q7The water-based or organic solvent free
systems in the adhesive types produced in Gerni89) were more than 90 [Beters et al.
2002]

water-soluble
adhesives
4% natural polymers

dispersions and I| 7%
emulsions f solvent containing
39% ' adhesives

8%

other adhesives
10%

reactive adhesives

| 14%
hot melts

18%

Figure 1-3. Proportions of the total amount of #uesives produced in Germdeters et
al. 2002]

1.1.2. Composition and classification of adhesivesfor food packaging

An adhesive is composed of basic raw materialschviaire called binders and which
determine its adhesiveness (adhesion) and itsnaitestrength (cohesion), and additives,
which determine particular end-use and processhayacteristic§Gierenz and Karmann
2001} Polymers are generally used as the binders. ditiad to these polymers, adhesives
consist of various additives such as tackifierngsplasticizers, fillers, thickeners, solvents,
wetting agents (surfactants), stabilizers (antiarid and heat- and UV-stabilizers) and
biocides and more according to the intention oérid-use. Table 1-2 shows the raw materials
to manufacture adhesives using for food packagiatenals.

These adhesives can be classified according tingettechanism with two types of
reactions, reactive adhesives with a chemical i@aetnd non-reactive adhesives without a
chemical reaction. These adhesives can be subdiwde 100 %-systems, water based and
solvent based systems according to their compasitiagain (Table 1-3). The detailed

information on the classification of adhesives Ww#l presented in chapter 9.5.
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Table 1-2. Raw materials of adhesives used for fa@twre of food packaging materials.

Classification

Raw materials

Examples

Technical function

EVA (Ethylene-vinyl acetate
copolymer)

PVAc (Polyvinylacetate)
VAE (Vinylacetate-ethylene

copolymer)
Acrylics
Binder Polvmers PU (Polyurethane) - Binder
y Polyolefins - To give cohesion to adhesive system
PVOH (Polyvinylalcohol)
Rubbers (natural and synthetic)
Starch and Dextrin
Casein
Cellulose
Others
g . Natural Resins, e.g. rosipJo improve the cohesive strength of the

Tackifier resins . . : S PO

oleoresin and fossil resin adhesive film before solidification
To improve flexibility and wet-out of the final
Plasticizers Phthalates, Adipates, Dibenzoptethesive system without sacrificing adhesion
performance

Antioxidants, UV- and Heat

Stabilizers stabilizers, e.g. hindered pheno STo protect from heat, UV and oxidation
phosphates and hydroxy

- phenyl benzotriazole classes
Additives

Pyrogenic and precipitated

Fillers silicas, chalks, light and heavy | To increase solids contents
apar

Thickeners Polyacrylate, Urethane based To cowmisabsity

. Surfactants, e.g. Alcohol . .

Wetting agent ethoxylates, Modified silicates To improve wetting

Biocides or 2-octyl-2H-isothiazol-3-one, For natural product adhesive, paper and bpard

antimicrobials 2-bromo-2-nitropropane-1,3-dio] adhesives

Solvents Water, Toluene, Xylene, Eth barrier medium

acetate, Acetone
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Table 1-3. Classification of adhesives used for uf@eture of food packaging materials.

Setting-mechanism

Application method

Adhesion with Chemical reaction
(Reactive)

Adhesion without Chemical reaction
(Non-reactive)

Raw material
(main polymer)

Application system

Raw material
(main polymer)

Application system

Acrylic PSA labels, film/film | Acrylic PSA
PU film/film, clear boxes, PU Filmipaper
cork
100 % system EVA Boxes, labelling, PSA
(carrier-free adhesives) _ Boxes, hygiene article
Polyolefine

PSA, labelling

Synthethic rubber

Boxes, hygiene article

PSA, labelling
PU film/film, film/paper PU Paper/paper
Acrylic Film / paper
Casein Labelling, laminating
Cellulose derivatives Paper sacks
Labelling, most
Dextrin packaging, mainly with
paper
Water based EVA All types of packaging
VAE Boxes, paper/paper
Natural rubber Cold seals
PVOH Paper/paper, tissue
laminating
Starch Labelling, paper/paper
corrugated board
Synthetic rubber Film/paper, alu/paper
PU film/film Acrylic PSA, film/film

Solvent based

Natural rubber

PSA tapes, labels, cq

Synthetic rubber

PSA

=

k

PSA : Pressure sensitive adhesive, EVA : Ethyldnglacetate, VAE : Vinylacetate-ethylene, PVOH :

Polyvinylalcohol, PU : Polyurethane
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1.2. Overview of German and EU legislation related to adhesives used for manufacture

of food packaging materials

The safety of food contact materials in EUusrently accomplished by several regulations

and directives as followEuropean Commission 20Q9]

packaging materials and articles intended to coanm®ntact with food.

The Framework Regulation (EC) 1935/2004 on the ggnprinciples for food

*  GMP Regulation (EC) 2023/2006 on good manufactupragtice for materials and

articles intended to come into contact with food.

» Directives and regulations on specific materialsuticles which contact directly with

food.

» Directives and regulations on single chemical suixsts or groups of substances.

The Framework Regulation (EC) 1935/2004 was pubtisim the Official Journal of the
European Union (OJEU) at October 27, 2004 and ceplahe Directive 89/109/EEC and
Directive 80/590/EEC. This Framework Regulation waspromulgated as a directive, but as

a regulation. Therefore, it needed not to be temmsdl to the national legislation of the

member states, but came into force directly ire&limember states.

EU

The general requirements for food contact mateand articles are defined in Article 3 of

Regluation (EC) 1935/20(02004] as follows.

1. Materials and articles, including active andeliigent materials and articles, shall
manufactured in compliance with good manufactupractice so that, under normal or foresee
conditions of use, they do not transfer their ctuesits to food in quantities which could:

(a) endanger human health;

(b) bring about an unacceptable change in the ceitipo of the food;

(c) bring about a deterioration in the organolephiaracteristicthereof.

be
hble

In the AnnexI of the EU Framework Regulation (EC) 1935/2004,esal groups of

materials and articles are listed for which specifieasures may be adopted. Figure 1-4
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shows the groups of materials and articles listedhe Annexl of the EU Framework
Regulation (EC) 1935/2004 with the correspondingcH directives and regulations, which
have been established on EU level so far.

Among the materials and articles listed in Anneaf the EU Framework Regulation (EC)
1935/2004, currently, plastic materials, regeneratlulose films, ceramics and elastomers
and rubbers are regulated by individual specifieatives and regulations.

Plastic materials for food contact purposes arallaedgd by the EU Plastics Directive
2002/72/EJ2002], which was amended by the following Directives 200EC, 2004/19/EC,
2005/79/EC, 2007/19/EC and 2008/39/EC and by R&guléEC) 975/2009. The EU Plastics
Directive represents a positive list (PL) for pdiahmigrants such as monomers, other
starting substances and additives. It also laysndgeneral restrictions, e.g. an overall
migration limit as well as specific restriction dikspecific migration limits (SML) and limits
for residual amounts (QM) in the end-articles. Da¢ermination of these potential migrants
Is achieved by individual analytical methods.

The EU Plastics Directive 2002/72/EC provides a glete positive list for monomers and
other starting substances and ,since January a@0for additives.

The materials and articles made of regeneratedlcsd film are regulated by Directive
2007/42/EEC[2007a] Ceramic articles intended to come into contadhvibodstuffs are
currently regulated by Directive 2005/31/ERQ005a] amending Directive 84/500/EEC
including the performance criteria of the analytizethod.

In addition to the EU Plastics Directive, furthexgulations are established for plastic
materials intended for food contact applicationscé@ding to the Directive 78/142/EEC, the
maximum vinyl chloride monomer level may not excéeahg/kg in the final product. Further
details on the analysis of vinyl chloride in foaddapolyvinylchloride (PVC) are established
by the Directives 80/766/EE[2980] and 81/432/EE(1981]. For plasticizers used in gaskets
of lids transitional migration limits are laid dovy Regulation (EC) 372/2002007b] and
Regulation (EC) 597/2002008].

The use of the epoxy derivatives BADGE, BFDGE ardQ¥ is regulated by Regulation
(EC) 1895/20092005b} Furthermore N-nitrosamines and N-nitrostable wrxes used in
teats and soothers made of elastomer or rubbeeguéated by Directive 93/11/EHT993].

The basic rules for migration testing regardingetiand temperature conditions are laid
down in Directive 82/711/EECL1982]. This Directive was amended two times up to now by
Directive 93/8/EC and by Directive 97/48/EC. In aubth, Directive 85/572/EG1985] “List
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of simulants” states which simulant(s) shall beduta a particular foodstuff or group of
foodstuffs.

Adhesives used for food contact materials ameeatly not specifically regulated on EU
level. However, adhesives are covered by the FrameWwegulation (EC) 1935/2004 and
therefore must comply with the general requiremetdged in Article 3 of the Framework
Regulation. Verification of this requirement istime responsibility of packaging producers.
The fact that there are no clear or standardizefication procedures was one of the driving
forces for this thesis within the EU project No AGCT-030309 ‘Migresives'.
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In Germany, all food contact materials must convpith the requirements of § 30 and § 31
of the Foods, Consumer Goods and Feedstuffs Codebe(ismittel und
Futtermittelgesetzbuch, LFGB)FGB 2005],the Article 3 of the EU Framework Regulation
(EC) 1935/2004 and the Consumer Goods OrdinancalafiBsegenstandeverordnung,
BedGgstV) [BedGgstV 2008] that is the German implementation of EU Directive
2002/72/EC and their consecutive amendments rglatin plastic materials and articles
intended to come into contact with foodstuffs. Eheopean directives regarding regenerated
celluose film, ceramics and vinylchloride monomars also comprised in this Consumer
Goods Ordinance.

In addition to these legislations, food contact eriats and articles are regulated by the
recommendations of Federal Institute for Risk Assent (Bundesinstitut for
Risikobwertung, BfR]BfR Recommendation 2008These recommendations define specific
positive list of monomers, starting substances adtitives used for the manufacture of food
contact materials. They represent the current lefelscience and technology for the
conditions under which consumer goods made of mpghymer substances meet the
requirements of § 31, para 1, LFGB and the Arti8lepara 1 of the EU Framework
Regulation (EC) 1935/2008fR Online 2008]

The plastics recommendations are generally andgallly recognized in Germany and EU
member states, but are not compulsory executed.eMenyif consumer goods are produced
in a manner that deviates from the provisions es¢hrecommendations, responsibility for
any complaints based on food law provisions (8§830para 1 LFGB) lies solely with the
manufacturer and usfBfR Online 2008].The recommendations are continuously deliberated
and amended by the Plastics Committee of the BfRclwltonsists of experts from
surveillance, research and industry and shall legisted with EU directives in Germany until
EU directives are completed.

As mentioned above, there are no specific direstmeregulations for adhesives on EU
level. However, some monomers, starting substaacdsadditives used for the manufacture
of adhesives are regulated by other directivesragdlations, primarily by the EU Plastics
Directive 2002/72/EC. Additionally, adhesive rethtsubstances not mentioned in EU
Directive 2002/72/EC or in the Consumer Goods Cadge and its amendments may be
regulated by some of the BfR recommendations. Thexdan total 44 BfR recommendations
(I - LI for plastics (and other food contact reatls such as paper and rubber) intended to
come into contact with foodstuffs. Adhesives maytiply be covered by following eight

recommendationBfR Recommendation 2008]
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» VIl Polypropylene

* X. Polyamides

» XIV. Plastics Disperisions

e XVI. Polyvinyl Ethers

e XX. Polyisobutylene, Isobutylene Copolymers and Mies of Polyisobutylene
with other Polymers

« XXIl. Polymers Based on Esters of Acrylic and Methic Acids, their
Copolymers, and Mixtures of these with other Polgsne

e XXV. Hard Paraffins, Microcrystalline Waxes and Mikes of these with Waxes,
Resins and Plastics

e« XXVIII. Cross-Linked Polyurethanes as Adhesive Laydor Food Packaging

Materials

For polyurethane based adhesives special foaust ive addressed to primary aromatic
amines. Primary aromatic amines (PAA) are derivethfthe residues of aromatic isocyanate
monomers in polyurethane based adhesives used dtii-layered plastic materials as the
non-intended reaction by-products. Primary aromatigcnes (PAA) are tightly regulated by
Directive 2002/72/EC because of the potentially hhigxposure and the carcinogenic
properties. According to Annex V of Directive 2002/EC[2002], primary aromatic amines
(expressed as aniline) migrated from the matendlaticles manufactured by using aromatic
isocyanates should not be detectable using antarslgnethod with a detection limit of 0.01

mg/kg of food or food simulants.
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1.3. Principles of interaction between adhesive layers in food packaging materials and
packed food

Interactions between packed foods and the pawgagaterials can be classified into three

categoriegMannheim 1990, Piringer 2008.3a]
e Migration : The transfer of components from thekaaging materials into foodstuffs.

* Permeation : The transfer of gases or organic wapand water vapour through the

packaging materials.

* Absorption : The transfer of components from thed&iuffs into the packaging

materials.

Figure 1-5 shows the interactions that may odwmetween a food packaging material

consisting of two substrates combined by one adbdayer and foodstuffs.

Adhesivelayer

Food

Environment [Packaging

-

Permeation

Figure 1-5. lllustration of interaction between dogackaging materials and foodstuffs

Where y;, Da and DOp; are the diffusion coefficients in adhesive laysckaging material
1 and 2. k15 Kap2and Key e are the partition coefficients between two différphases.
Among these interactions migration is a major abaisition factor to ensure the safety and

quality of packaged food and to impose restrictiomsthe transfer levels of undesirable
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constituents. The migration of adhesive relatedtrtes from the adhesive layer depends on

the following key factors.

Initial concentration of the migrants in the adkedayer, G o

* Mobility of the migrant, i.e. diffusion coefficiestin packaging material 1 and 2 and
in the adhesive layer g3 Dp, and D)) as well as in the foodstuff or food simulant
(Dr)

 Partition coefficients (K1 » Kap2and Kpzp) are defined by the ratio of the migrant
concentration at equilibrium between two layers,ifistance in adhesive layer and
packaging material 2 or in packaging material 2 fmodstuff, repectively.

* Molecular size (molecular weight) of the migratsigbstance

» Surface area (contact area) and thickness of ttkeagang material layers

» Contact temperature and time

Especially, diffusion coefficients @ in packaging materials and partition coeffcients
(Kp.p between the packaging material and foodstufffood simulants of migrants are the
most relevant physical parameters in the migrgbiatess.

The diffusion process in the packaging materials lsa explained in one dimension by
Fick's 2" law of diffusion (equation 1). Equation 2 descsiltke partitioning. It is equivalent

to Henry's law.

C : Concentration of a migrant in packaging materia

’ ; t: Contact ti
a_C: D a C _________ Equatlon 1 ontact time

ot X2 X : Distance from the origin of the x-axis

D : Diffusion coefficient in packaging material

Cie : Concentration at equilibrium of a migrant in

C i :
QY Yt X Equation 2 material 1

Cae C,e : Concentration at equilibrium of a migrant in
material 2

Consequently, the mass transfer from the area mthico between packaging materials and
foodstuffs or food simulants is a function of thesigration influencing factors. The amounts

of migrants transferred from a homogeneous layex wiono material can be mathematically
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predicted by using the following equatipBegley et al. 2005which is based on related
mathematics established by Crdkank 1975]

20(1+a o V. IV
= —D.t—n Vel Vp .
=Ceo o P(1+aj{ Z:1+a+a { ? dZII' a Kep Equation 3

n-1 P

my /A (ng/ent) : Amount of the migrated migrant after the cohtame

t second(s) : Contact time

Cerpo (mg/kg) : Initial concentration of migrant in packag material

PP (g/cnt) : Density of packaging material

dp (cm) : Thickness of packaging material

Veand Ve (cnt) : Volumes of packaging materialy) and foodstuff Yg)

Dp (cn?/s) : Diffusion coefficient of migrant in packagimgaterial

Kpr : Partition coefficient (the ratio of the migramncentrations (w/v)

in packaging material and foodstuff at equililomu
On : The positive roots of the trigonometric identiyn g, = -o g,

In most cases, adhesive layers in food packagingrmabs are not in direct contact with
foods. They are usually separated from the foods Iplastic layer or another materials.
Therefore, the type and morphology of the packagiagerials (in most cases paper and
plastic film) are important factors in the transéémigrants from an adhesive layer through a
barrier layer into a food. The exact calculationtltd amount of a migrated substance from
such multilayer cases is only possible by numersaution of the diffusion equation
(Equation 1)Brandsch 2000]

1.4. Analysis aspects for qualitative and quantitative determination of adhesive related
substances

The traditional approach for qualitative and quatitrte analysis of the potential migrants
in food contact materials is accomplished by thaecess of solvent extraction. Overall and
specific migration are assessed by using food sims) chromatographic, colorimetric and
gravimetric analysis. For specific migration tegtithe typical chromatographic instruments
and techniques are used like GC-FID, HPLC-UV, GC;M&-MS and more, which are
sensitive, accurate and reliable techniques. Fer sbmi-quantitation determining the
approximate amount of substances migrated from fpadkaging materials, the overall
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migration test by using gravimetric analysis canpaeformed, but it cannot provide the
specific physico- and chemical informations onpléential migrants.

On the other hand, scientific research on the saie analysis of adhesive related
substances is lacking. Only some results have tmnted for the screening analysis and for
semi- or specific migration tests of adhesive sglagubstances in multi-layer composite films
bonded with the adhesiveBrede et al. [2001¢letermined aromatic amines in flexible food
packaging materials by using spectrophotometryidewtified them by GC-MS.awson et al.
[2000] determined volatile and non-volatile migrants imhesive samples using a
combination of techniques including GC-MS, LC-MS,AMDI-TOF-MS, HPLC and
colorimetric determination. For semi-quantificatioRetersen [2001]conducted overall
migration testing from stretch films and flexibldnfs according to CEN_EN(V) 1186
standard methodBegley et al. [1991&nalyzed the diglycidyl ether of Bisphenol A (BAE}]>
in an epoxy adhesive by using HPLC-UV technig@euner and Piringer [199%xamined
the amounts of the potential migrants from foodkpging materials bonded with various
adhesives based on ethylne-vinylacetate (EVA) gopet, dextrin, starch, polyvinylacetate
(PVAc) homopolymer and vinylacetate-ethylene (VA®polymer by overall migration test
and semi-quantitation test using GC-FID. This squmantitation approach was to quantify
unknown volatile to semi-volatile substances byvarsal internal standard substances.
However, this method was not fully validated bytatistical determination of the response
factors using a set of appropriate chemical comgsufurther, the results did not give a
specific identification of potential migrants.

In conclusion, so far the qualitative and quantieatmethods for the determination of
adhesive related substances have focused on tbhiispagration test of a certain substance

or a substance group like aromatic amines andwbgath migration test.

1.5. Potential migrantsin adhesive layers of food packaging materials

As mentioned in chapter 1.1.2, many types of adkesare used to manufacture food
packaging materials. It is difficult to predict patial migrants contained in adhesive layers,
since thousands of substances are used for thailfmion of different adhesives. Migration
studies only for adhesive related substances frood fpackaging materials have not been
carried out extensively. Some studies have beefishebl up to nowBonell and Lawson
[1999] examined the amounts of the migratable substafmoes cold seal adhesives based

typically on natural rubber and from acrylic polynaend polyurethane adhesiv&ede et al.
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[2001] determined the concentration of 4,4’-Methylenetiia® (4,4-MDA) as a reaction by-
product orginating from polyurethane adhesiveavies [2003]identified diethylene glycol
dibenzoate, dipropylene glycol dibenzoate, polyiethg glycol (PEG) and an ethylene oxide
based polyol as the main potential migrants in wdtased adhesives. He also found
phenanthene carboxylic acid derivatives, styrengyléted hydroxyl toluene (BHT), long
chain hydrocarbons and cyclic hydrocarbons as #ie sompounds in hotmelt adhesives.

There are some representative adhesive systemaréhfiequently used for multi-layer food
packaging materials. Therefore, the representatifesive related substances for multi-layer
food packaging materials could be estimated thraaugiurvey of the related literature. The
surveyed potential migrants are presented in thidldelow.

For flexible multi-layer films, solvent based adivesand 100 % solids adhesives are used
in most cases. Ethylene-vinylacetate (EVA) copolynaerylate and methacrylate polymers
and polyurethanes are used as main binders foe thaisesives. In addition, these adhesive
mixtures contain additives and solvents. Polyumetsaare the best known polymers in the
manufacture of adhesives.

Polyurethanes consist of two base components adingtasubstances, which are
diisocyanates and polyols. Residual free monomsoicyanates in polyurethanes will rapidly
be hydrolysed with moisture in foodstuffs forminiget corresponding aromatic amines.
Primary aromatic amines are known or suspectedinmgenic substances. For the
investigation of isocyanate compounds in aqueolistisns, the corresponding amines are
usually determined because of their rapid reaatiith moisture. For the hot-melt adhesives,
EVA copolymer is used almost exclusively in a mmetuwith additional polymers and
additives[Brede et al. 2001]Acrylate and methacrylate polymers are important materials
for pressure-sensitive adhesives (P8&ikrenz and Karmann 2001].

Water based adhesives are commonly formulated frataral occurring materials such as
dextrins, starches, caseins and natural rubbersghisas from synthetic polymers based on
acrylates, polyurethane, synthetic rubber, vinytaee -ethylene (VAE) copolymer and
polyvinyl alcohol (PVOH).

Plasticizers are important to increase the plagtmi the adhesives. Phthalate plasticizers
are most widely used. Other plasticizers, such aszdates, citric esters and glycerol
triacetate are also usdésierenz and Karmann 20015tabilizers are used in adhesive
formulations to protect against degradation by tieacwith oxyen, UV light and high

processing temperature. Expecially, the use ofoaitants for adhesive formulations is
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inevitable, since the oxidation can occur at alges from synthesis to final end-use
adhesivdPetrie 2004

Table 1-4. Potential migrants in adhesive layer®ofl packaging materials.

Main application

Classification Raw materials Potential migrants .
for food packaging
Acrylate and methacrylate monomers: Solvent based ar
Acrylate and methacrylate )
| Ethyl acrylate, Methyl acrylate, Butyl acrylate higt methacrylate, 100 % solids
copolymer
POy Methyl methacrylate, Butyl methacrylate adhesives
Ethylene-vinylacetate copolyme ) 100 % solids
Vinylacetate monomer )
(EVA) adhsives
Aromatic diisocyanates :
B Toluene diisocyanate (TDI), Diphenylmethane diisowte (MDI)
Diisocyanates Alinhatic dii es
iphatic ||socya?ae£. . Solvent based and
Hexamethylene diisocyanate (HDI), Isophoron diisowte (IPDI) 100 % solids
Polyether polyols: adhsives
Polyurethane Polyols Ethylene glycol, Diethylene glycol, 1,2-propanedibé butanediol,
Binders (PU) Dipropylene glycol, Glycerol
Aromatic amines:
Toluene 2,4-diamine (2,4-TDA), Toluene 2,4-diam{@e5-TDA),
By-products —
) 4,4'-Methylenedianiline (4,4-MDA)
: Amines . . .
Aliphatic amines:
Isophorone diamin@PDA), Hexamethylene diamine (HMDA)
) ) Water base:
Vinylacetate-ethylene (VAE) Vinylacetate monomer .
adhesives
Rubber (natural and synthetic) | Isoprene, Butadiene, Styrene, Chloroprene, Acryfiteni V\;%tﬁégszgd
Polyvinyl alcohol (PVOH) Vinylacetate monomer Water based
adhesives
Dextrin, starch, casein Water based
adhesives
Phthalate and Adipate :
Diisobutyl phthalate (DIBP), Dibutyl phthalate (DBP
Bis(2-ethylhexyl) phthalate (DEHP), Bis(2-ethylh&xadipate (DEHA),
Plasticizers .
Benzoate :
Diethylene glycol dibenzoate (DEGDB), Triethylerigog! dibenzoate
(TEGDB), Dipropylene glycol dibenzoate (DPGDB)
Primary antioxidants :
- 2,6-Di-tert-butyl-4-methylphenol (BHT)
- Octadecyl 3,5-bis (1,1-dimethylethyl)-4-hydroeytzene propanoate
" (Irganox 1076), All types of
Additives - Tetrakis [methylene-3 (3,5 -di-t-butyl-4-hydygphenyl) propionate] .
adhesives
methane (Irganox 1010)
Antioxidants Secondary antioxidants:
Stabili - 2,4-Bis (1,1 dimethylethyl) phenyl-phosphitegéfos 168)
aplizers - Bis(2,4-di-tert-butylphenyl) pentaerythritoldipsphite (Ultranox 626)
- Dodecyl 3-(3-dodecoxy-3-oxo-propyl)sulfanylpropate
(Irganox PS 800)
- Octadecyl 3-(3-octadecoxy-3-oxo-propyl)sulfamgipanoate
(Irganox PS 802)
- (2-hydroxy-4-octoxy-phenyl-pheny-methanon (Chimasorb 81
Light stabilizers - 2-(2'-Hydroxy-3,5"-di-tert-butylphenyl)-5-chlorehzotriazole
(Tinuvin 327)
Solvent base
Solvents Toluene, xylene, ethyl acetate, acetone, methafiek

adhesives
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2. Objectives of thiswork

To investigate the total amount of migrating substances from a food packaging into
foodstuff, the overall migration test is usually performed according to the EN 1186 series of
European Committee for Standardization (CEN), CEN TC 194/SC1/WG1 [CEN 2000].
However, the overall migration test does not give any information on the identity of migrated
substances and not very sensitive. It would be avery problematic and an unrealistic attempt to
analyze the migration from adhesives based on this overall migration method.

In conclusion, a more suitable quantitative approach with screening character or a new
concept for the determination of adhesive related substances in food packaging materials is
necessary. This new quantitative approach should be quick, of multi-analyte character and
sufficiently accurate to cover broad ranges of physico-chemical properties like polarity and
volatility and to minimise the number of the analysis techniques and chromatographic
conditions.

Therefore, multi methods for the simultaneous analysis of a broad range of substances with
low detection limit for sensitive analysis are needed. Furthermore, often the exact
composition of raw materials as well as of by-products or reaction products are not known.
For this, screening methods and the possibility to estimate the concentrations of such
unknown or non-intentionally added substances would be important tools for the proper
assessment of food law conformity and food safety related to substances migrating from
adhesive layers of food packaging materials.

The adhesive related substances in food packaging materials have various physico-chemical
properties from volatile to non-volatile, from polar to non-polar and the potential number of
these substances has been estimated to be more than several thousands [Bonell and Lawson
1999]. Therefore, it is impossible that all adhesive related substances can be analysed with
individual analytical methods for quantification. For this reason, new evaluation procedures
based on analogical and predictive conclusions extrapolated from measurable parameters to

other, non-measurable ones will be needed.

» The first objective of this work was to develop analytical multi methods for the
screening covering various chemical classes of adhesive related substances up to a
molecular weight of 1000 g/mol. For this, an universal detection system, which can
detect most compounds with sensitive and anal ogous response, should be selected as
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well as efficient separation systems, that ensure sufficient peak capacity and
resolution on the separation column, should be developed.

The second objective which has a more quantitative dimension is the development of
analytical approaches for the semi-quantification of the potential migration of known
and unknown constituents of adhesives by using a statistically averaged detection

response of known and representative adhesive related substances.

The third objective is to confirm and validate the applicability of the developed
screening and semi-quantification methods in practical migration and extraction tests.
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3. Theoretical consider ations

3.1. General conceptual design of the analytical approach for simultaneous

deter mination of multiple analytes

For the traditional quantitative analysis, itdssential to calibrate the analytical system
using standard substances corresponding to eagét tsmbstance. However, this method is
not practical or even not applicable for the guamatiion of a larger number of known or
unknown substances due to the unavailability ofsédindard substances and because the
unknown substances would first need to be idedtiffe semi-quantitative approach using a
statistical response factor obtained from a langmlmer of suitable standard substances could
therefore be a powerful alternative tool.

For this approach, first of all, more than 50 adheseclated substances should be defined as
representative analytes. These substances neeprésent the physico-chemical properties of
the adhesive related substances by covering tlge eindifferent physico-chemical properties
from polar to non-polar, from volatile to non-valatand from low to high molecular weights.

Secondly, the relative response factors (RREh@fkelected substances should be measured
and determined by suitable detection systems cdupléh a chromatographic technique such
as gas chromatography (GC) and high performanaélichromatography (HPLC) system.

Finally, from the determined RRF values, a distitiurange of RRF values of all adhesive
related substances can be established at a 95 &sagavlevel. From this distribution, a
statistical RRF can then be derived, which can $edUor the semi-quantification of larger
amounts of known and unknown substances.

For facilitation and practical performance of thncept, a few suitable internal standards
should be selected for which the relationship efshatistical RRF and their own RRF has to
be established. Through this relationship, thesernal standards can be used as so-called
‘universal internal standards’, since they allowrtithe intended semi-quantification of any
other substance.
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3.2. Considerations on detector response factors

The detector response factor which expressesséhsitivity of a detector relative to a
standard substance can be described in two waysa Eoncentration sensitive detector, the
substance specific absolute response factor (ARR) detector is defined as the signal
amount (like peak area) divided by the concentnatd the analyte; for a mass sensitive
detector, the signal amount divided by the knowssra the analyte (Equation 4).

Absolute Response Factor (ARF)E:'%_ or A Equation 4

S

As : peak area of analyte
Cs : concentration of analyte

Ms : mass of analyte introduced in column

Ideally, all chromatographic detectors produce akpees a signal and the area of this peak is
proportional to the concentration or mass of thepaound represented by this peak. However,
practically the response factor of each individsabstance may change for different
concentrationsTherefore, it needs to make a calibration curvehé calibration curve is
linear and the calibration line passes throughotigin of the x and y axis, then the response
factor is constant. The average of the constamorese factors within the calibration range

can be used to calculate the correct concentrafiarknown analyte (Equation 5).

known
As

c oMo mkown = fBs Equation 5

ARF average

C.“"": concentration of known analyte

M ™" mass of known analyte introduced in column
known . .
As : peak area of known analyte in sample

ARF 9% qverage absolute response factor of known anadytefined calibration range

This quantitative method for a known analyte uskigF value of the corresponding
standard can be also applied for semi-quantitatpgoach of unknown analytes in complex
sample (Equation 6). In this thesis, for the semasqitative approach the statistical response
factor @ARF <) is used. This can be derived from the distributad ARF values of the
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representative adhesive standard substancesadisismed that these represent the physico-

chemical properties of all adhesive related sulocgtsin

Asunknown

cukomn o ppumknown = s s Equation 6

ARF statistic
C,"™ "+ concentration of unknown analyte
MK - mass of unknown analyte introduced in column

A peak area of the unknown analyte

ARF Saiic - statistical absolute response factor obtainethftbe response factor distribution of
more than 50 substances

However, the absolute response factor (ARF) evadauld scatter in the range of a few
percents, since gas or liquid flow rates and imp@cvolume sizes could vary from run to run.
To minimise or even eliminate these scatteringsceffusually an internal standard is applied.
The relative response calculated via an interraaddsrd is not dependent on injection volume
and operation conditions, since an internal stahdaincluded in each sample analysed.

The relative response factor (RRF) is defined gsadiconcentration ratio between analyte
and the internal standard (Equation 7). The RRéalsulated as mass related concentration

(mg/l, RRF w/w) and as molar concentration (m&/RF mol/mol).

Relative Response Factor (RRFY="25" 1S weommoemen Equation 7

Cs x Areag

Area, : Peak area of analyte
Area, : Peak area of the Internal standard
Cs : Concentration of analyte

Cis : Concentration of the Internal standard

The concentration of the known analyte can be taled by using the RRF of the
corresponding standard as follows.

............. Equation 8

c own —  Cjg X Areasknown
S
Area;s x RRF average

known

Area . peak area of known analyte

Aregs : peak area of the Internal standard

C,"" concentration of known analyte
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Cis : concentration of the Internal standard

RRF %% : average relative response factor of known anatytiefined calibration range

The statistical relative response factarA **<) can be likewise derived from the 95%
distribution of RRF values of the representativblemive standard substances. As shown in
Equation 6, the concentration of unknown analyteomplex sample can be estimated by
using the statistical relative response facker (") as follows.

C. universal unknown
is

x Areag

C unknown —
Areaisunlversal x RRF Statistic

............. Equation 9

unknown

Area . peak area of unknown analyte

Aregs """ : peak area of the universal internal standard

C,"™™n: concentration of unknown analyte

Gl - concentration of the universal internal standard

RRF 2 - statistical relative response factor obtainednfrihe response factor distribution of
more than 50 substances
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3.3. More specific consider ations on analytical systems

In a chromatographical analysis, detection aepasation of the complex mixture are
another question. The universality, high sensitiaitd response constancy of the detector are
the main requirements to develop a multi-screenmnethod for the semi-quantitative
approach of unknown substances in adhesive sarhplesing HPLC and GC systems. On
the other hand, for the separation of the complestures, the selection of a suitable column
and mobile phase composition are the main congidarparameters in HPLC systems. On
the contrary, the separation behavior in the GG@egyss almost independent from carrier gas
as a mobile phase. Therefore, the choice of anogppte column is the most important

consideration parameter in a GC system.

3.3.1. Universal detection system for volatile and semi-volatile substances

The flame ionization detector (FID) is a univerdatector and the most common detector
in GC analysis. Its popularity can be explainedtbyniversal response which is proportional
to the mass of organic substances and by the daseoThe FID responds to the mass of
carbon per time unit passing the detector. Theeeftdr produces a signal for all carbon
containing compounds that elute from the GC colemd therefore the signal is largely
independent from the chemical structure. The detdws a linear response over more than 7
orders of magnitude of intensity. From the aboventioeed reasons, the GC-FID system is
expected to show appropriate analysis capabilitytie quantification of volatile and semi-
volatile substances than other detection systermgltieg for a wide application range of

target substances.

3.3.2. Universal detection system for non-volatile substances

HPLC systems suffer from the limitation that theéseno universal detector with high
sensitivity and universality like the flame ionimat detector used in GC system. Some of the
frequently used detectors for the analysis of tloa-volatile substances used in food
packaging materials, are ultraviolet (UV) -, fluscence (FL) -, refractive index (RI) - and
evaporative light scattering (ELSD) - detectorsva$l as mass spectrometer (MS). However

the applicability of an UV detector is limited, seasome analytes show no or low absorption
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of UV light at a wavelength range higher than 200 [@reux et al. 1996, Young and Dolan
2004]

The FL detector is in general more sensitive thah détector, and it has a very high
selectivity but for the FL detection a derivatipati procedures is often required. The
pretreatment procedures of samples are complextlaaefore the application range is
restricted.

The refractive index (RI) detector and the evapee light scattering detector (ELSD) are
being used as universal detectors. However, thee®dctor suffers from the compatibility
problem with gradients elution and from low sen#i§i The ELSD is more sensitive than the
RI detector and can use a gradient elution. Whertdlget substances eluting from a HPLC
column are less volatile than the used mobile phadegh enough number of dry-particles
can be generated for detection of the ELSD. Howether ELSD has some limitations that
include non-linear calibration and lower sensiyitthtan UV, FL and mass spectrometry (MS)
[Lucena et al 2007]According toGorecki et al. [2006]the day-to-day reproducibility and
the precision of the results obtained from ELSD wanstable, which leads to the need for
regular recalibration. Therefore, since both ursaérdetectors may not give satisfying
analytical results, another detector has to beidered for further development of the multi-
screening method.

The charged aerosol detector (CAD) is a newesystith a potential for universal detection,
since it combines sensitivity with independenceanfrdV- or fluorescence active structures.
The principle of the CAD is that the mobile phasenebulized with nitrogen and then
evaporated in a drying tube. The resultant nontitelgarticles are charged by ionized
nitrogen and finally detected by a sensitive eteotter (Figure 4-3). The response of CAD is
not affected by physico-chemical properties ofdhalytes and the sensitivity is high enough
to achieve detection limits in the ppb raff§SA Inc online] According toMcCarthy et al.
[2005], the CAD showed consistent response factors (geaght/mass injected), wide
dynamic range, high sensitivity in the nanograneleand excellent reproducibility (relative
standard deviation in the 1 — 10 % range) in thalyais of non-volatile substances with
various physico-chemical properti€dstorino and Pfeifer [2008gported that the LOD (limit
of detection) value of CAD surpassed that of evaipeg light scattering detector (ELSD) as
well as mass spectroscopy in the analysis of ptalyks. Takahashi et al. [2008¢ported that
the LOD value determined by CAD was 10 times lothan that by ELSD in the comparison
test using polyethylene glycol (MW 1000 g/mol) asi@et analyte.
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The CAD may also work for the purpose of thiesis because of its working principles.
However, until now, no attempts to verify this orgstablish general detector response factors
have been carried out and made available in théghelol literature. With this technique the
molecular weight fraction below 1000 g/mol can ¢ @ut of the HPLC chromatogram and
guantified by universal standards. This techniqueild be useful for extracts from adhesive
samples and have the advantage to give directma@don on molecular weight of migrants.
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3.3.3. Separation systemsfor volatile and semi-volatile substances

Since the capillary columns provide much a higlheotetical plate number and therefore
peak resolution than packed columns and reducedparating time, these column types are
used in most cases. The most common stationaryeph&w capillary columns are
polysiloxanes and polyethylene glycols.

Fully non-polar columns coated with dimethylpolgsiines which attained by substituting
100 % with methyl groups generally separate substamccording to their boiling point
which is more or less according to the moleculaighte Therefore, it is expected that

unknown target substances with a broad range o&cutdr weights and various physico-
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chemical properties show a good relationship ofrthetention time with their molecular
weights. However, poorer response is expectedarattalysis of high polar substance groups
on such non-polar columns. On the other hand, whenpolyethylene glycols are used as
coating materials for GC columns, the intentiomiginly to analyse high-polar analytes like
alcohols, phenols and carboxylic acids. The seperaff this polar substances occurs mainly
because of interaction between solutes and thierséay phase of the column and not due to

boiling point differences.

3.3.4. Separation systemsfor non-volatile substances

The performance of HPLC separation columns is UWsdahited and will not allow
complete separation of complex mixtures into alividual substances. For this reason, there
is no HPLC multi-screening method available so viath broad applicability to various
chemical substance groups. Among various separatiumn techniques based on liquid
chromatography, RP-HPLC (reversed phase — higlhopeance liquid chromatography) is a
very powerful separation technique and widely udRedverse phase C18 columns using
gradient mobile phase are often used for scredmistg of non-volatile migrant&awamura
et al. [1996], Dopico-Garcia et al. [2003], Mansceir al. [1998] and Block et al. [2006]
separated various additives such as antioxidamtsultraviolet stabilizers in polyethylene by
using HPLC system equipped with a C18 column antbhile phase composition based on
organic solvent and water without pH adjustment.

Methanol and acetonitrile are unquestionably st important and preferable organic
solvents as mobile phase in reverse phase liquidn@itography. The use of methanol in
mobile phase composition gives rise to better siglgc because of the higher polar/ionic
interaction than acetonitrile. However, methaneirga avoid the broadening of peaks and the
retention prolongation of non-polar/neutral compd&inOn the contrary, more symmetrical
peak shapes can be obtained from the use of attdeom mobile phase because of its lower
viscosity. In addition, acetonitrile generally piaes sufficient selectivity for non- or semi-
polar substances.

The gradient elution chromatography is a powetdol for chemical analysis due to its
broad range of retentivity, high peak capacity ahdrt operation cyclfAnita and Horvath
1989] In comparison with isocratic elution, gradienut@n has great advantages in

separating compounds which differ widely in retention a chromatographic column.
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Consequently, gradient elution chromatography plesifast and highly resolved separations,
which also implies high loading capacjiyuei et al. 1992]

3.3.5. Online two-dimensional chromatography

Complex mixtures require analytical methods of extely high resolving power in order to
provide reliable analysis of the sample compon@Bishey and Jorgenson 199®owever
typical one-dimensional chromatography using onpassion column and isocratic or
gradient elution does not always offer sufficierdak capacity and resolution for the
separation of complex mixtures. A two-dimensionaparation technique based on two
independent separation mechanisms is in principlsedul tool to increase the peak capacity
and resolving power. It has been used and expléoedseveral years to separate and
characterize synthetic polymers, biomolecules amdptex mixturegMurphy et al. 1998]

The peak capacity, one of the parameters to sthewefficiency of a chromatography
system, describes the maximum number of resolvpbkks that can be separated in a
chromatogram and this peak capacity can be anatafi¢o represent the column resolution
[Giddings 1967] In the one-dimensional separation, the peak aypé®;p) under isocratic
condition can be defined as folloWsiddings 1967]

V
Pp=1 +§ -In (—‘)J ------------ Equation 10

whereN is the theoretical plate number avigdandV, are the retention time of the first and
last peak.

On the contrary, the peak capaciBgd) for two-dimensional chromatography is calculated
by multiplication of peak capacities of the two aegiion dimensions as shown in equation 11
[Chang 2003] The maximum peak capacity is achieved in so-gdltethogonal” systems
with non-correlated retention mechanisms in bothetisiondDugo et al. 2008]Figure 3-1
shows an example of the typical chromatogram amd aithogonal separation in a two-
dimensional system. For this, the separation cotuosed in the first and second dimension

should be quite different in view of their sepavatmechanismfglandera et al. 2005]
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Py =P1xP2= [1+ \/T Elnvlp ] x[1+ \/N_Z EanzF' ] Equation 11

P, : the peak capacity for two-dimensional chromaapbry

P1 : the peak capacity of first dimension

P2 : the peak capacity of second dimension

N; : the number of theoretical plate of first dimemsi

N, : the number of theoretical plate of second diriens

Vi, andVyy: the retention time of first and last peak intfalimension

V, andVy,: the retention time of first and last peak in setdimension

\ First Dimension

Sacond Dimension

Second
Dimension = »
Ti S L S— .

First Dimension Time ——»

Figure 3-1. lllustration of the multiplicative rélanship between the peak capacities of the
independent first and second dimensions in thei+dinttensional separation systdftoll et
al. 2007]

The two-dimensional separation can be achieveredfiline or in an online system. In an
offline approach, effluent from the first separatibC (liquid chromatography) system are
collected in vials and reinjected into the secofXdeparation system.

On the contary, in an online two-dimensional chrtogeaphy setup, the different two
dimensions are connected through a switching valyeipped with two identical-volume
sampling loops. The effluent eluted from the faghension is automatically transferred via
the switching valve into the second dimension. éliffh the operation of the offline is

simpler than the online system, the offline systeas many disadvantages such as time
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inefficiency, diffculty of automation and reprodist, sample loss and contamination as well
as formation of artefacf®ugo et al. 2008] These disadvantages can often be overcome by
the online approach. However, the operation ofdhine system is not too easy, because
various parameters for the online system shoulchdmmessarily considered in the practical
aspect such as compatibility of mobile phase aatlostary phas@Jandera 2006&s well as

the setup and programming of the modulator (swiighralve) to transfer into the second
dimensionDugo et al. 2008]

For the two-dimensional separations, various liqaittomatography (LC) separation
systems can be connected to each other dependitigeorarget substances. There are RP
(reverse phase)xRP, RPxNP (normal phase), NPxRPC Sfsize exclusion
chromatography)xRP or NP, NP or RPxSEC and moréut@tions.

The combination of NPxRP or RPxNP two-dimensiongdtams is very difficult to
accomplish because of poor compatibility of the neophases used in the NP and in the RP
systemgBlahova et al. 2006]The combinations of the same separation mechanésich as
RPxRP and NPxNP two-dimensional systems show vaoy prthogonality between two RP
or NP dimension§Stoll et al. 2007]

SECxNP or SECxRP are mainly applied to the semaraind characterization of synthetic
polymers, copolymers or polymer blends that solublerganic solventflandera 2007[The
combination of SECxNP or SECxRP provides good gdhality, since the separation
mechanism of SEC is based solely on size (to betéwalrodynamic volume), and RP and
NP separate by hydrophobicity or polarigtoll et al. 2007] Since many polymers are well
soluble in organic solvents, NP is used more oftan RP, while RP is mainly used for
water-soluble polymerglandera 2007, Stoll et al. 200Tj this study, the relevant molecular
weight range of adhesive related substances iu®0 g/mol, since substances with a
molecular weight above 1000 g/mol are considerdoetmot adsorbed in the gastrointestinal
tract [SCF 2002]and are not expected to migrate through polymensfil Therefore, when
SEC is used as the first dimension, the substanitbsnolecular weights above 1000 g/mol
can be comfortably excluded from the sample mixtiileerefore, SEC systems used as the
first dimension represent a separation technigueedisas a purification process of the sample
mixtures. Consequently, the combination of SECa(disst dimension) and NP (as a second
dimension) will be therefore the most attractivéesgon for this study. In addition, the
combination of the two-dimensional separation témple and a universal charged aerosol
detector (CAD) as a detection technique permitsstesitive and universal detection for the

non-volatile adhesive related substances.
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For the SECxNP system, the compatibility of the ieolphase is the most important
consideration. Tetrahydrofuran-cyclohexane, dianogthane-heptane, dichloromethane-
acetonitrile, dichloromethane-methanol, trichlordina@e-cyclohexane, etc. are usually used
as mixed mobile phases, either with isocratic dhwgradient elution in the NP dimension
[Jandera 2006]Since the charged aerosol detector (CAD) is gensitive for changes of the
mobile phase composition, the mobile phase compasif the first and second dimensions
should be identical. However, the packing matariabEC column has a different swelling
characteristic depending on the organic solventserd&fore, when organic solvents with
different swell volumes are mixed, the swellinguwak of the packing material in the SEC
column should be considered as well as the optoinmebile phase composition that allows
the increase of peak height and the decrease &f\pielih in the NP dimension. As a first
attempt for SECxNP-HPLCxCAD, the mobile phase carations using dichloromethane-
heptane and dichloromethane -hexane were testbdiwork.

In recent studies for polymer analysis, NP or RP@&®Bmbinations are mainly applied to
improve the overall separating power by using gmadelution in the first dimensidivan der
Horst and Schoenmakers 2003]

3.4. Method validation

The validation of an analytical test method le tprocess of demonstrating that the
analytical procedures are suitable for the intendsel Therefore, for the validation of the
multi analytical methods for screening of adheshetated substances, the following

validation parameters are important.

® Selectivity (Specificity) : The ability to discrimate between the target analyte and
other substances in the test samples. This camobimed by some retention
parameters such as retention time and/or retemtoex.

® Linearity : The calibration curve is a graphic megentation of the detection
system’s response as a function of the quantityamdlyte. The linearity is
evaluated by a graphical presentation and linegession analysis.

® Limit of detection : The smallst amount and concatidn of analyte in a sample
that can be reliably distinguished, with statedhdigance, from the background or

blank level.
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® Practicability : The ease of operation, in termsafple throughput and costs, to
achieve the required performance criteria and theneeet the specified purpose.

The developed analytical method through these atiid procedures can be described by a
complete report according to the CEN (European Cit@enfor Standardization) standard
format. This format is obligatory for method deptions in EU petitions for the approval of
new substances for food-contact materials andddsoribed in the Note for Guidan@=SA
2006] For instance, the EN 13130 seri€&N 2004]and the BCR project ‘Monomer’ report
[Franz and Rijk 1997{hat are describing standard analysis methodsh®guantification of
migratable monomers used for food-contact plastatenmls were prepared according to CEN
standard format. The final standard methods fori-sgrantitation will be prepared according

to the CEN standard format in this thesis.

3.5. Identification of volatile and semi-volatile substances

Various retention parameters such as reteniioe, trelative retention time and linear
retention index can be applied for the identifioatiof unknown peaks eluting from a GC
column. The retention time of an analyte on GC wkwiluvaries according to operational
conditions such as phase ratio and column lengihflgw rate and temperatuféeliner et al.
2008] For this reason, it is useful only to compare #temtion times determined by one GC
instrument and the same operational conditions. rébention time in GC analysis can only
provide the base information to identify unknowmsiances in a sample through comparison
with the retention time of known reference substan©n the other hand, relative retention
time is the ratio between the retention time ohaalyte and that of an internal standard. This
parameter is useful to compare the retention deden fone GC instrument to another.
However, for comparing the relative retention timestween different GC systems, the
operational conditions of GC systems should be flostsame, since this relative retention
time is also influenced by the phase ratio ancedéifit temperature programs.

In order to overcome these limitations, themgta index RI) system has often been used
for the identification of unknown peaks in GC arsady This retention index (see Equation
12) is independent from phase ratio, column lengés, flow rate and column temperature. It
is only influenced by the kind of the stationaryaph [Goodner 2008] Therefore, the
retention index system is a reliable and reprodeacgmrameter for the identification of

unknown peaks eluting from a GC column. The retenindex system which are used a
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homologue series afalkanes as reference substances was first inteadiongKovats [1958],
but the equation given by Kovats for calculatiorthe retention indices is only for isothermal
gas chromatographic condition. The use of isotheroamdition in GC analysis is not
practical for the separation of a complex mixtuomtaining many compounds with a wide
range of boiling points. For this reasdran den Dool and Kratz [1963jrst proposed an
equation that was transformed to a more generah ftwr include also the programmed

temperature condition as shown in equation 12.

B tR(X) —tRmn) )
Rl =100x ——————+100n -------- Equation 12
tR(n +1) —tRn)

Rl : retention index

X : target compound

tR (v : retention time of target compound

n : number of carbon atoms in the n-alkanes

tR : retention time of n-alkane witihcarbon atoms eluting before target compo(Xd

tR (1) : retention time of n-alkane witim{1) carbon atoms eluting after target compo(jd
3.6. Practical applications of screening methods

In order to confirm and validate the applicabildy the developed screening and semi-
quantification methods, migration and extractiostteusing the real adhesive samples were

performed.
3.6.1. Migration test

There are no specific directives for paper améréh on EU level and therefore no
standardized methods are available for the migrasting of paper and board. Paper and
board for food packaging are mainly intended totacinwith dry and non-fatty food. Also,
the packaging materials listed in table 40 not usually come into contact with liquid
foodstuffs. The selection of solvents as food sanulwas therfore not considered. Tenax
(modified polyphenylene oxide_MPPO) has been usdtlis thesis, since it is recognized as

a suitable food simulant for dry and fatty fog@sdtenio et al. 2004]
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3.6.2. Extraction test

In general, the solvents for extraction test alecsed according to the polarity of food
contact plastics. For example, ethanol is usedoar polymers such as polyamide, rigid
polyvinyl chloride (PVC) and polyethylene terephittia (PET), whereas isooctane is used for
nonpolar polymers such as polyolefines (PO). Tlotwmanended extraction condition is 24
hours at 40 °QFranz and Stormer 2008, Gruner and Piringer 18@8ghammer et al. 1994]
However, the identification of the suitable extrastsolvent for other polymers with medium
polarity such as polystyrene (PS) and plasticize Bs not obvioug[Franz and Stormer
2008] On the other hand, dichloromethane (DCM) wasmaunended as a suitable extraction
solvent for PO, PET and polystyrene (PS)Ely DG XlIlI Research programmj&994-1997]
and the extraction test was conducted at 40 °©ver 18 hours. This means that DCM shows
efficient extraction power independent of the poyanf the polymers. The adhesive samples
selected for this study consist of two differensibaraw materials, vinyl acetate ethylene
(VAE) copolymer and polyvinyl acetate (PVAc) (Taldle3). Therefore, the adhesive samples
in this thesis will be extracted by DCM under tloadition of 24 hour at 40 °C.

Polymers with high molecular weight (MW > 1000mgl) may be also extracted from
adhesive samples. Although the extracts are fdtdrg micro syringe filter (0.4um), the
nebulizer in CAD and separation column could bggén with the sticky polymers used as a
binder of the adhesive. Therefore, the polymer$ witmolecular weight higher than about
1000 g/mol in the extracts should be excluded tijincan appropriate clean-up procedure. For

this, size exclusion chromatography (SEC) has laemed out prior to analysis.
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4. Experimental

4.1. Chemicals

4.1.1. Representative adhesive related substances

A wide range of substances has been selecteddatdabelopment of analytical methods in
this thesis. They are shown in Table 4-1. The puwitthe representative adhesive related
substances was greater than 95 % except for dijmopyglycol dibenzoate. 3-tert.-butyl-4-
hydroxy-anisole (BHA) and 2-(2H-benzotriazol-2-yl)6-bis(1-methyl-1 phenylethyl) -
phenol (Tinuvin 234) were used as internal stargléwd calibration. Details about the source
and purity of the standard substances as well lagrgs used to prepare stock solutions are

also given in table 4-1.

Table 4-1. List of representative adhesive relatalistances for the development of the

screening methods.

. Solvents for Stock solutior
Nr. Name Synonyms (gl\;lr\rll\f)l) CAS-No. Mol?éftort Manufacturer P(lf,/rﬂl;y C analysis HPLC
analysis
Group A Acrylate
1 Acrylic acid methyl ester Methyl acrylate 86.09| 96-33-3 Aldrich >99 % DCM MeOH
2 Acrylic acid ethyl ester Ethyl acrylate 100.11| 0188-5 Y Aldrich > 99 % DCM MeOH
3 2-Methylacrylic acid methyl ester Methyl methdatg 100.11 80-62-6 Y Aldrich 99 % DCM MeOH
4 2-Methyl-2-propenoic acid ethyl ester Ethyl metiytate 114.14 97-63-2 Y Aldrich 99 % DCM MeOH
5 Acrylic acid butyl ester Butyl acrylate 128.18| 11@2-2 Y Aldrich >99 % DCM MeOH
6 Methacrylic acid, butyl ester Butyl methacrylatg ~ 142.19 97-88-1 Y Aldrich 99 % DCM MeOH
7 2-ethylhexyl prop-2-enoate Ethylhexyl acrylate 408 1322-13-( Fluka > 98 % DCM MeOH
Group B Plasticizers
8 Diisobutyl phthalate DIBP 278.35 84-69-5 Y Merck >98 % DCM MeOH
9 Dibutyl phthalate DBP 278.35 84-74-2 Y Merck >98 % DCM MeOH
10  |Bis(2-ethylhexyl) phthalate DEHP or DOP 390.5 17-B1-7 Merck >98 % DCM MeOH
11  |Diethylnhexyl adipate DEHA 370.57 103-2311 Merck >98 % DCM MeOH
12  |Glycerol triacetate Triacetin 218.20 102-76-1 Y Sigma >99 % DCM MeOH
13 2-Ethylhexyl diphenyl phosphate Phosflex 362 362 | 1241-94-1 Riedel-de-Haér] 99 % DCM MeOH
14  |Diethylene glycol dibenzoate DEGDB 314.34) 120855 Y Aldrich 96 % DCM MeOH
15  |Triethylene glycol dibenzoate TEGDB 358.40 18095 Aldrich 99 % DCM MeOH
16 |Dipropylene glycol dibenzoate DPGDB 342.42 273384 Y Aldrich 80 % DCM MeOH
17  |Propylene glycol dibenzoate Bezoflex 284 284.3 9224-26-1 Aldrich > 96 % DCM MeOH
18  |2,2,4-Trimethyl-1,3-pentanediol dibenzoate Bdlezx354 354.45 | 68052-23{3 Aldrich >99.9 % DCM MeOH
Group C Carboxylic acid
19  |2-Propenoic acid Actrylic acid 72.06 079-1007 Y Aldrich >99 % DCM MeOH
20 |trans-Butenedioic acid Fumaric acid 116.07 1181 Aldrich >99 % DCM MeOH
21 |cis-Butenedioic acid Maleic acid 116.07| 110-1¢-7 Aldrich >99 % DCM MeOH
22 |Hexanedioic acid Adipic acid 146.14 124-04-9 Y Aldrich 99 % DCM MeOH
23 |1,4-Benzene-dicarboxylic acid Terephthalic acid|  166.13 100-21-0] Fluka >99 % DCM MeOH
24 |1,3-Benzene-dicarboxylic acid Isophthalic acid 66.13 121-91-5 Y Fluka 99 % DCM MeOH
Group D Alcohol
25  [1,2-Dihydroxyethane Ethylene glycol 62.06 10742 Y Fluka >9959% DCM MeOH
26 |1,2-Dihydroxypropane Propylene glycol 76.1 57655 Y Fluka >99.5% DCM MeOH
27  |1,4-Butanediol 1,4-Butylene glycol  90.12 110-63-4 Y Fluka 99 % DCM MeOH
28  |2,2-Dihydroxydiethyl ether Diethylene glycol aa2 111-46-6 Y Fluka >99 % DCM MeOH
29 |1,3-Benzenediol Resorcinol 110.11 108-46-3 Fluka >99 % DCM MeOH
30 1,2,3-Propanetriol Glycerol 92.09 56-815 Y Sigma-aldrich | > 99.5 % DCM MeOH
31  [2-Bromo-2-nitropropane-1,3-diol Bronopol 200.01] 52-51-7 Riedel-de-Haér] 99.9 % DCM MeOH
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Continued table 4-1.
MW Montfort . Solvents for Stock solutiol
Nr. Name Synonyms CAS-Nr. | VOO | Manufacturer Puo/"ty T hPLC
(g/mol) list (%) | G analysis :
analysis
Group E Amine
32  |Hexamethylenediamine HMDA 116.21 124-09-4 Fluka >99 % DCM MeOH
33 Toluene 2,4-diamine 2,4-TDA 122.17 95-8017 Aldrich 98 % DCM MeOH
34 |1,3,5-Triazine-2,4,6-triamine Melamine 126.12 8mMB-1 Fluka >99 % DCM MeOH
35 |Isophorone diamine IPDA 170.3 2855-18-2 Fluka >99 % DCM MeOH
36  |4,4-Methylenedianiline 4,4 MDA 198.26 101-77{9 Fluka >97%| DCM MeOH
Group F Antioxidants
37 |2,6-Di-tert-butyl-4-methylphenol BHT 220.35 128-0 Merck >99 % DCM MeOH
3g |Octadecyl 3,5-bis (1,1-dimethylethy))- Irganox 1076 531 | 2082-79)3 Ciba ; Acetone | Acetone
4-hydroxybenzene propanoate
39 2,4-Bis (1,1 dimethylethyl) phenyl-phosphite digs 168 646.93 31570-04-4 Ciba - Acetone Acetone
40  |1,3,5-Trimethyl-2,4,6-tris(3,5-di-t-butyl-4- Irganox 1330 775.21 | 1709-70{2 Y Ciba - Acetone | Acetone
hydroxybenzyl) benzene
Tetrakis [methylene-3 (3°,5"-di-t-butyl-4- . B ;
41 hydroxyphenyl) propionate] methane Irganox 1010 1177.7 6683-1918 Y Ciba Acetone Acetone
Group G Others
42 |Propanoic acid, ethenyl ester Vinyl propionate|  100.12 105-38-4| Y Fluka >98 % DCM MeOH
43 |Ethenylbenzene Styrene 104.14 100-4p-5 Y Aldrich 99 % DCM MeOH
44 | Dimethylbenzene p-Xylene 107.17 106-43-3 Y Riedel-de-Haér| 99.9 % DCM MeOH
45 |1,6-Hexalactam Caprolactam 113.14 105-6p-2 Y Fluka >99 % DCM MeOH
. . 1-Vinyl-2- DCM MeOH
46 N-Vinyl-2-pyrrolidinone pyrrolidinone 114.14 88-12-0 Y Acros 99 %
47 | 2-Phenylpropene a-Methylstyrene 118.18 98-83-9 Y Aldrich 99 % DCM MeOH
48 | Diphenyl keton Benzophenone 182.29 119-6[1-9 Aldrich >99 % DCM MeOH
49 |2-(2-Butoxyethoxy)ethanol acetate Eé’g;f;g'yco' 20427 | 124-17-4 Y Aldrich >99.2%| DCM MeOH
50 2-Octyl-2H-isothiazol-3-one Octhilinone 213.34| 6530-20-1 Riedel-de-Haér| 99.9 % DCM MeOH
51  |4,4-Dihydroxy-2,2-diphenylpropane, Bisphenol A 228.29 80-05-7 Fluka 97 % DCM MeOH
4,4
52 |Methanone, bis(4-(diethylamino)phenyl)- E'S(d'e‘hy'am'”o) 32446 | 90-93-7 Aldrich >99%| DCM MeOH
enzophenone,
BDBP
53  |Bisphenol A diglycidyl ether BADGE 340.42 1675-3 Y Fluka 97 % DCM MeOH
54 5-18!1-butyl-2-[5-(5-ten-buty|—1,3-benzoxazo|—2)y lJvitex oB 430.06 7128-64-5 Ciba R DCM MeOH
2-thienyl]-1 ,3-benzoxazole
55  [Sodium dioctyl sulfosuccinate Docusate sodium| 5.83 577-11-7 Y Sigma >99 % DCM MeOH
Additional additives for HPLC-CAD analysis
56 (2-hydroxy-4-octoxy-phenyl)-phenyl-methanong  rG&ssorb 81 326.19 1843-05-6 Ciba - - Acetone
2-(2'-Hydroxy-3,5'-di-tert-butylphenyl)-5- S ool Ciba R R
57 chlorobenzotriazole Tinuvin 327 357.16 3864-99-1 Acetone
58 |2,2-Thiobis(4-methyl-6-tert-butylphenol) Irganb081 358.54 90-66-4 Ciba - - Acetone
Acrylic acid, 2-tert-butyl-6-(3-tert-butyl-2- od Ciba : )
59 hydroxy-5-methylbenzyl)-4-methylphenyl ester Irganox 3052 394.25 61167-58-6 Acetone
Dodecyl 3-(3-dodecoxy-3-oxo- . ; ) R
60 propyl)sulfanylpropanoate Irganox PS 800 514.41 123-28{4 Ciba Acetone
N,N"-Bis(3-(3,5-di-tert-butyl-4- o Ciba . .
61 hydroxyphenyl)propionyl)hydrazide Irganox MD 1024 552.39 32687-74-8 Acetone
g2 |Triethyleneglycol bis[3-(3-tert-butyl-4- Irganox 245 586.37 | 36443-64-2 Ciba ; ; Acetone
hydroxy -5-methylphenyl) propionate]
63 |24Bis(octyimercapto) 6-(4-hydroxy-3,5-ditert-| .\ sep 588.39 | 991-84-# Ciba - - Acetone
butylanilino)-1,3,5-triazine
3-(3,5-ditert-butyl-4-hydroxy-phenyl)-N-[6-[3-(3,b-
64  |ditert-butyl-4-hydroxy- Irganox 1098 636.49 23128-74-7 Ciba - - Acetone
phenyl)propanoylamino]hexyl]propanamide
65 [Bis(24-ditert-butylpheny) Ultranox 626 640.33 | 26741537 Ciba - - Acetone
pentaerythritoldiphosphite
2-[2-[3-(3,5-ditert-butyl-4-hydroxy-
66 phenyl)propanoyloxy]ethylsulfanyl]ethyl 3-(3,5- |Irganox 1035 642.40 41484-35-9 Ciba - - Acetone
ditert-butyl-4-hydroxy-phenyl)propanoate
1,3,5-tris[(3,5-ditert-butyl-4-hydroxy- o " R ~
67 phenyl)methyl}-1,3,5-triazinane-2,4,6-trione Irganox 3114 783.52 27676-64-6 Ciba Acetone
Universal Internal Standard
IS 3-tert-butyl-4-hydroxy-anisole BHA 180.24 25018-5) Fluka > 98 % DCM -
15 [%(2H-benzotriazol-2-y))-4,6-bis(L-methyl-l |y iy 934 448 | 70321-86{7 Ciba ; DCM MeOH
phenylethyl)—phenol
DCM : Dichloromethane, MeOH : Methanol
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4.1.2. Test substances used for GC column selection
Four different columns were tested to find aahle column for the development of the
multi screening method. For this, 26 adhesive edlasubstances which have various

representative physico-chemical properties werecsed (Table 4-2).

Table 4-2. List and details of the substances s=ldor GC column selection.

Nr. Substances MW (g/mol) CAS-No. Manufacturer Purity (%)
1 Acrylonitrile 53.06 107-13-1 Aldrich > 99 %
2 1,3 Butadiene 54.09 106-99-0 Aldrich >99 %
3 Ethylene glycol 62.06 107-21-1 Fluka > 99 %
4 Vinyl chloride 62.49 75-01-4 Aldrich >99 %
5 Propylene glycol 76.11 57-55-6 Fluka > 99 %
6 Vinyl acetate 86.09 108-05-4 Aldrich > 99 %
7 Methyl acrylate 86.09 96-33-3 Aldrich >99 %

8 Ethyl acetate 88.11 141-78-6 Aldrich > 99 %
9 1,4-Butanediol 90.12 110-63-4 Fluka 99 %

10 Vinylidene chloride 96.94 75-35-4 Aldrich >99 %
11 Ethyl acrylate 100.11 140-88-5 Aldrich > 99 %
12 Methyl methacrylate 100.11 80-62-6 Aldrich >%%9
13 Styrene 104.15 100-42-5 Aldrich 99 %
14 Diethylene glycol 106.12 111-46-6 Fluka >99 %
15 m-Xylene 106.17 108-38-3 Riedel-de-Haén 99.9 %
16 Caprolactam 113.16 105-60-2 Fluka >99 %
17 Ethyl methacrylate 114.14 97-63-2 Aldrich >99 %
18 N-Vinyl-2-Pyrrolidinone 114.14 88-12-0 Aldrich 9%

19 a —Methylstyrene 118.18 9011-11-04 Aldrich 99 %

20 Butyl acrylate 128.18 141-32-1 Aldrich >99 %

21 Butyl methacrylate 142.19 97-88-1 Aldrich >99 %

22 2,6-Di-tert-butyl-4-methylphenol 220.35 128-37-0 Fluka > 99 %

23 Diisobutyl phthalate 278.35 84-69-5 Merck > 98 %

24 Dibutyl phthalate 278.35 84-74-2 Merck > 98 %

25 Bis(2-ethylhexyl) adipate 370.57 103-23-1 Merck > 98 %

26 Bis(2-ethylhexyl) phthalate 390.56 117-81-7 bker > 98 %

IS 3-tert.-butyl-4-hydroxy-anisole, BHA 180.24 25016-5 Fluka > 98 %
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4.1.3. Test substances used for online two-dimensa chromatogaphic analysis
For the studies by online two-dimensional chromeapgy (SECxXNP-HPLCxCAD), 11
additives related to adhesives (Table 4-3) withauoolar weights from 326 to 1177 g/mol

were selected.

Table 4-3. List of the substances selected fonertivo-dimensional HPLC analysis.

MW

Chemical name Trade name CAS-No.
(g/mol)

Phenolic antioxidants
Pentaerythritoltetrakis[3-(3,5-di-tert.butyl-4-hgoyphenyl) propionate] Irganox 1010 1177 6683-19-§
%,2,2:::3[&,5-d|tert-butyl-4-hydroxy-phenyl)mellM,S,S-tnazmane- Irganox 3114 784 27676-62-6
1,3,5-trimethyl-2,4,6-tris(3,5-di-t-butyl-4-hydrokgnzyl) benzene Irganox 1330 775 1709-70-2
2-[2-[3-(3,5-ditert-butyl-4-hydroxy-
phenyl)propanoyloxy]ethylsulfanyl]ethyl 3-(3,5-ditdutyl-4-hydroxy- Irganox 1035 642 41484-35-p
phenyl)propanoate
n-Octadecyl-3-(4-hydroxy-3,5-di.tert.butylphenyBpionate Irganox 1076 531 2028-793
Phosphorus antioxidants
Tris(p-tert.butylphenyl) phosphate | Irgafos 168 | 647 | 31570-44
Thioester stabilizers
Dodecyl 3-(3-dodecoxy-3-0x0-propyl)sulfanylpropatea Irganox PS800 515 123-28-4
Octadecyl 3-(3-octadecoxy-3-0xo-propyl)sulfanylpaopate Irganox PS802 683 693-36-7
UV Absorbers
2-(benzotriazol-2-yl)-4,6-bis(1-methyl-1-phenyl-gfiphenol Tinuvin 234 447 70321-86-[7
(2-hydroxy-4-octoxy-phenyl)-phenyl-methanone Chinoalss31 326 1843-05-6
Fluorescent whitening agent
5-tert-butyl-2-[5-(5-tert-butyl-1,3-benzoxazol-2p2-thienyl]-1,3- Uvitex OB 431 7128-64-5
benzoxazole

4.1.4. Standard solution of n-Alkanes for determinfion of retention indices

For the determination of retention indicasC8 ton-20 andn-C21 ton-40 alkanes mixtures

were obtained from Fluka Germany.
4.1.5. Solvents and Reagents

Methanol and acetonitrile of HPLC grade were olgdifrom VWR (Darmstadt, Germany),
and acetone, analytical grade, was obtained frommM™ (Renningen, Germany). Water,
HPLC grade and analytical grade tetrahydrofurachldromethane, n-heptane, n-hexane and
diethyl ether were obtained from Merck (Darmst&#rmany).

Formic acid (purity > 96 %) and ammonium acetatgri{p > 98 %) were obtained from
Sigma-Aldrich.
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4.2. Preparation of standard solutions

4.2.1. Representative adhesive related substanceslanternal standards

Stock solution

Standard stock solutions for GC analysis were pezpdor each substance including
internal standards BHA and Tinuvin 234 in dichloeilrane and acetone at a concentration of
1000 £ 50 pg/ml.

For HPLC-CAD analysis, the standard stock sohgi including the internal standard
Tinuvin 234 were prepared in methanol and acetbaecancentration of 1000 = 50 pg/ml. In
each case the correct concentrations of the stokiens were calculated. The solvents used

for the preparation of stock solutions of each &arse are listed itable 4-1.

Calibration solutions

1, 5, 10, 50, 100, 250 and 5QDof the standard stock solutions of each substatce
concentration of 1000 + 50 pug/ml were filled intsexies of 10 ml volumetric flasks. For GC-
FID analysis, 50Qu of the internal standard stock solutions of BHAdalinuvin 234 were
added to each of the flasks. For HPLC-CAD analy&®),ul of Tinuvin 234 was spiked. The
flasks were filled up to the marks with dichlorotmate for GC analysis and with methanol
for HPLC analysis. These standard solutions coath@pproximately 0.1, 0.5, 1, 5, 10, 25
and 50 pg/ml of each substance.

4.2.2. Test substances and internal standard for GEolumn selection

Stock solution

Standard stock solutions of test substances aedhaltstandard (BHA) were prepared by

dissolving 1000 + 50 pg/ml of each substance in D of methanol. The correct

concentrations of each substance were calculated.
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Calibration solutions

Standard calibration solutions of 1, 5, 10, 25 &0dug/ml were prepared from the stock
solutions by dilution with methanol. The calibratisolutions were spiked with 25 pg/ml of
BHA as an internal standard.
4.2.3. Test substances for online two-dimensionadhimmatogaphic analysis

Stock solutions

The standard stock solutions were prepared in aiohiethane (DCM) at a concentration of

1000 £ 50 pg/ml. The correct concentrations of edahdard stock solution were calculated.
Standard solutions

1 ml of the stock solution was filled into 10 mllumetric flask. The flask was filled up to
the marks with the mobile phase solution composed800% DCM and 70 % n-heptane.
These standard solutions contained approximatedy.imi.

4.2.4. n-Alkanes for the determination of retentiorindices

n-Alkanes standard solutions with a concentratiod®ig/l were prepared mhexane and
toluene respectively.

4.3. Instrumental analysis for non-volatile substaces

4.3.1. HPLC-CAD analysis

Apparatus

The HPLC system from DIONEX consisted of Pum@®8 HPG, Autosampler ASI-100

and Column oven TCC-100. A charged aerosol det¢@aD) from ESA Biosciences was

used to detect non-volatile substances.
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HPLC-CAD conditions

A C18 column (HyperClone 250 x 4.60 mmuf particle size) was used for the separation
of the selected substances. The CAD was set tg argasure of 35 psi, none filter mode and
a range of 100 pA. The detailed analytical pararseaté the HPLC-CAD are summarized in
Table 4-4.

Table 4-4. HPLC-CAD conditions used for non-volgubstances

Analyses HPLC conditions Mobile phase conditions
Gradient condition A
Time 0 3 27 42 47 57
(min)
A(%) 10 10 0 0 10 Stop
B(%) 90 90 100 100 90
) | - Column temperature : 40 °C __
Representative adhesive . A : Water B : Acetonitrile
- Flow rate : 1.0 ml/min. _ _
related substances Iniec | . 201 Gradient condition B
- Injection volume : 2Qu Tin_1e 0 1 5 5 50 60
(min)
A(%) 40 40 0 0 40 Stop
B(%) 60 60 100 100 60

A : Water B : Acetonitrile

o - Column temperature : 35 °C Time 0 3 13 15 25 25
Isophthalic acid and ' (min)
- Flow rate : 1.0 ml/min. A(%) 80 80 0 80 80 Stop

Terephthalic acid

- Injection volume : 25 B(%) 20 20 100 20 20
A: Formic acid buffer (pH 2.5) B: Acetonitrile

4.3.2. SECxNP-HPLCxCAD analysis

Apparatus

The HPLC system from DIONEX consisted of Pum@®8 HPG, Autosampler ASI-100
and Column oven TCC-100. A diode array detectorARDO) from DIONEX and charged
aerosol detector (CAD) from ESA Biosciences weredu® detect the 11 test substances in
the first and second dimensions, respectively. §ieanof effluent fractions from the first to
the second dimension was done with a 10 port simigckialve (I-valve®, Techlab GmbH

Germany).
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System set-up

Figure 4-1 shows the schematic of the on-line tivoeshsional separation system used in
this thesis. The flow of the SEC (size exclusiomoamatography) dimension should be
regulated through a restrictor to keep a consispaimp pressure. The injected sample is
separated in the first dimension (SEC column) atiogrto the molecular size (hydrodynamic
volume) of each compound. Then the UV detector toosi the absorbance of the separated
substances at 240 nm. The effluents from the @irstension are tranferred into the second
dimension via the switching valve equipped with tidentical-volume sampling loops (200
ul volume).

The effluents separated from the first dimensom alternately collected in two sampling
loops. While the effluents are filled in one loape effluents collected in the other loop are
separated in the second dimension NP-HPLC (norrhake - high performance liquid
chromatography) according to the chemical compmwsitf samples. Therefore, the analysis
time in the second dimension should be at leastlequ less than the duration that the
effluents separated in the first dimension are dpdilied in a loop. The loop sampling time
was 1 min and therefore the valve was switchedyetemin. The samples separated in the
second dimension were detected by using the chamgeosol detector (CAD) from ESA
Biosciences. The CAD settings were the same asrshbave.

Pump A for SEC Pump B for NP-HPLC
oy |
Restricts
—I. estrictor 200 pl Loop

D —

- Auto Injector

UV Detector

1st-D column (SEC)

— Flow of SEC and HPLC pump in the switching valveifios A
— Flow of SEC pump in the switching valve position B
— Flow of HPLC pump in the switching valve position B

Figure 4-1. Schematic of the on-line SECxNP-HPLC®C#ystem using 10 way switching valve.
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SECxNP-HPLCxCAD conditions

Dichloromethane (DCM):n-heptane and DCM:n-hexanmmausitions were tested as the
candidate mobile phase for both dimensions. Tls¢ diimension used KF-401 HQ (250 x 4.6
mm, 3 um) semi-micro SEC column (Shodex) based on stydaviaylbenzene (S-DVB)
copolymer packing material. The mass exclusiontliofithis column, estimated for linear
molecules by using polystyrene (PS), is up to 18§00ol. In order to enhance the column
efficiency, two identical SEC columns in series veonnected.

For the second dimension, Diol phase column (LiGpher Diol 250 x 4.0 mm, om) was

tested. The detailed operating conditions are suimedhin Table 4-5.

Table 4-5. SECxNP-HPLCxCAD conditions

Optimization test for SEC dimension

Analyses Dimensions Conditions
Mobile phase : DCM (30 %):Heptane (70 %), Isocratic
Oven temperature : 35 °C
SEC dimension Flow rate 0.2 ml/min.
- Injection volume  : 1@l
11 additives related to .
. Detection : UV 240 nm
adhesive _ _
Mobile phase : DCM (30 %h:Heptane (70 %), Isocratic
Oven temperature : 35 °C
NP-HPLC dimension )
Flow rate : 2.0 ml/min.
Detection : CAD
Mobile phase : DCM (50 %h:Heptane (50 %), Isocratic

DCM (50 %i-Hexane (50 %), Isocratic

Optimization test for NP-HPLC dimension

Oven temperature : 35 °C
Irganox 1010 Flow rate : 0.2 ml/min.
Injection volume  :1Ql
Detection : UV 240 nm
Mobile phase : DCM (50 %h:Heptane (50 %), Isocratic

DCM (30 %h-Heptane (70 %), Isocratic

Oven temperature :35°C
Irganox 1076, Irganox 1330, Irgafos 168, Uvitex OB Flow rate : 2.0 ml/min.
Detection : CAD

4.3.3. LC-MS analysis of dipropylene glycol dibenzie

Apparatus

Waters Alliance 2695 HPLC system was used. Masstrometric analysis was carried out
with Waters Micromass Quattro LC equipped with ktieospray ionization (ESI) source.
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LC-MS conditions

The analytical parameters of the LC separatiwh mass spectrometer are summarized as

follows.

Table 4-6. LC-MS conditions for the identificatiohdipropylene glycol dibenzoate.

LC conditions

Column HyperClone C18 column (250 x 4.60 mmb particle size;
Phenomenex)

Mobile phase 75 % acetonitrile and 25/ %hmonium acetate buffer (5 mM, pH=3.

Flow rate 0.6 ml/min

Injection volumn 1Qd

Oven Temperature 40 °C

MS conditions

lon source Electron lonization (ESI)
Polarity Positive

Mass range 150 ~ 1000 g/mol

Scan rate 0.5 seconds / mass range

Desolvation temperature 400 °C

Sample preparation

The standard stock solution of dipropylene glytibenzoate was prepared in methanol at a
concentration of approximately 1000 pg/ml. The géad stock solution was diluted with

methanol to 10 pg/ml.

4.4. Instrumental analysis for volatile and semi-viatile substances

Gas chromatography (GC) equipped with flame zaton detector (FID) was used for
analysis of volatile and semi-volatile substan@amples were injected into the GC system
by an automatic liquid sampler. Two different G@MHRhstruments were used (HP Agilent
6890N GC and HP 6890 GC). The instruments and amduare summarized in Table 4-7.
The detailed GC-FID conditions are shown in Appgr{@hapter 9.6).
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Table 4-7. Instrumentation used for GC-FID analysis

Instrument Column Analyses Remarks

DB-1,30 m x 0.32 mm i.d. x 0.25
um film thickness

DB-FFAP, 30 m x 0.32 mm i.d
% 0.25 pm film thickness

HP Agilent 6890N GC : 26 volatile and semi-volatile adhesive relatg
DB'WaX, 30 m x 0.32 mm i.d. b Chapter 9.6.1 and 5.4.1|
0.25 pum film thickness substances

*Column selection test

o

Zebron (ZB) 624, 60 m x 0,25
mm i.d. x 1.4 um film thickness

DB-1, 30 m x 0.32 mm i.d. x 0.25ulti-screening test and the determination of

. um film thickness . Chapter 9.6.2, 5.4.2 and
HP Agilent 6890N GC relative response factors (RRF) 543
DB-FFAP, 30 m x 0.32 mm i.d.. 55 representative adhesive related substanges o
% 0.25 pm film thickness
. Linear retention indices_ Condition A and B
HP Agilent 6890N GC 55 ) dhesi lated sub
DB-1, 30 m x 0.32 mm i.d. x 0.25 representative adhesive related substanges
pm film thickness Linear retention indices_ Condition C
HP 6890 GC Chapter 9.6.3 and 5.4.§

: 55 representative adhesive related substances

HP Agilent 6890N GC | DB-FFAP, 30 m x 0.32 mm i.d'Llnear retention indices_ Condition D

% 0.25 um film thickness : 55 representative adhesive related substances

4.5. Statistical data analysis of relative respondactor (RRF) values

The RRF value for a given substance will dependhennature of the particular molecule
and the specific physical or chemical responsé dbthe used detector. Consequently, for the
whole set of representative substances a statigtattern of RRF values can be expected

which can be described by a distribution curve.

4.5.1. Normality test

Estimation of normality of RRF values was catreut using Minitab 13Minitab version
15 2007]Ryan-Joiner correlation test for normality.

Many statistical tests and intervals are basechenassumption of normality. However, in
many real cases, the data do not follow a nornstfidution and therefore it is not possible to
estimate the distribution of RRF values at a certanfidence level. For this reason, an
appropriate transformation was needed for non-nbaata. The Box-Cox transformation
proposed byBox and Cox [1964]s useful for non-normal data. It is defined byatpns 13
and 14 :
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. (v -y oa .
Response variable (T) = if A£0 Equation 13

Response variable (T) 30g(Y+ 1) if A=0---—--- Equation 14

Where Y is the variable ands the Box-Cox parameter indicating a number thptesents
the optimal transformation for correcting non-nolitga The optimal value of. can be
determined by the Box-Cox plot that gives a cotiaha between the pooled standard
deviations (SD) versus thievalues. At this time, SD is the Y axis and Lamixlthe X axis.
All these procedures for Box-Cox transformation evatso carried out using Minitab 15
[Minitab version 15 2007]

4.5.2. Estimation of the distribution range of RRFvalues

The distribution range of RRF values at a 95 % caye level is shown as follows in figure
4-2 and can be defined by equations 15 anpfiGiddtwald 1999, depending on the number of
substances.

1 -1.965 H +1.965

95.25 %

‘A L‘
V‘

l
‘ Distribution range at 95% coverage level

Figure 4-2. Schematic of the distribution rangerabgeristics of RRF values
Distribution range of response factors 4 + 1.966 n > 30 ---- Equation 15

Distribution range of response factors 1t to n < 30 ---- Equation 16

whereu is mean of RRF values, is standard deviation, t is a t-variable of Stutieit

distribution andch is number of sample.
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In the normal distribution, 95.25% of the data laated in the range of p £ 1.86This is
a distribution range of RRF values. When the sarspzle is high enough (n > 30), the normal
distribution is usually applied for the estimatiohthe distribution range. However, if the
sample size is too small (n < 30), the t-distribnt{student distribution) should be applied to
estimate the distribution range of the populatioonf the experiment samples. This t-
distribution depends on the degree of freedom if 2). When the t-variable is f®, P =
95% (t-table), the t-distribution overlaps with n@ distribution.

4.6. Linearity and Limit of detection (LOD)

Linearty of calibration curve was determined betwte ratios of peak area of the analytes
to that of internal standard and the correspondorgentrations.

The limit of detection (LOD) is usually defined asignal/noise ratio of 3:1 and shows the
sensitivity of the analysis method. The LOD valwesre determined from the calibration
curves according to the guidelines of the Germandzrd DIN 3264%DIN 32645 1994].

4.7. Practical applications

4.7.1. Sample generation

Six pure water-based adhesives (VAE 1 ~ 5 anddP\and the corresponding composite
samples (VAE 1-C ~ 5-C and PVAc-C) bonded with epote water-based adhesive, details
of which are given in table 4-8 and 4-9, were oi#di from the manufacturers of each

adhesive.

Table 4-8. List of the pure water-based adhesiugpses.

Sample name Application Method Setting-Mechanism
VAE 17 Water based Non-reactive
VAE 2 Water based Non-reactive
VAE 3 Water based Non-reactive
VAE 4 Water based Non-reactive
VAE 5 Water based Non-reactive
PVAc Water based Non-reactive

DVAE 1 ~ 5 : Pure adhesives based on Vinyl acetidene, PVAc : Pure adhesive based on Polyvingtate
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Table 4-9. List of composite samples bonded wittewbased adhesives.

Sample name Composites End Application Food Types Food Contact
Conditions
T
VAE 1-C " Cardoard / Cardboard Folding box Dry food Room terapre
VAE 2-C Cardboard / plastic window Folding box Dry food Rotemperature
VAE 3-C Cardoard / Cardboard Folding box Hambufr'gt(zré pommes Hot fill
VAE 4-C L read, pastry ; all kinds  Deep frozen up to
Paper / Paper, Coated paper Paper bags : side segm of fast food -60 °C
VAE 5-C e read, pastry ; all kindg  Deep frozen up to
Paper / Paper, Coated paper Paper bags : side segm of fast food 60 °C
PVAc-C Board / Board Folding box

side seam
DVAE 1-C ~ 5-C and PVAc-C : Composites bonded wiith pure adhesives VAE 1 ~ 5 and PVAc
(e.g. VAE 1-C composite sample was bonded WAE 1 pure adhesive)

4.7.2. Sample preparation

Extraction of pure water based adhesives

0.5 g of the pure adhesive was extracted with 1@iaflloromethane (DCM) for 24 hours at
40 °C. The extracts were filtered using a tefldtefi(PTFE) of 0.45um.

For the quantification, the extracts were spikedhwihe internal standards solution
consisting of BHA (3-tert-butyl-4-hydroxy-anisol@nd 2-(2H-benzotriazol-2-yl)-4,6-bis(1-
methyl-1-phenylethyl)phenol (Tinuvin 234) prioritgection for GC-FID.

A clean-up procedure was performed for the HPLC-Caialysis. Figure 4-3 shows the
schematic of SEC clean up procedures. The HPL@m®syEtom DIONEX consisted of Pump
P680 A HPG, Autosampler ASI-100 and Column oven TXDO. Refractive Index (RI)
Detector from Gynkotek RI was used to monitor tffient fractions. Fraction collector 201
from Gilson-Abimed was used to collect the effluattion of interest.

A KF-401 HQ (250 x 4.6 mm, 8m) semi-micro SEC column (Shodex) was used for the
separation of the extracts. The column temperancemobile phase flow rate were kept at
40 °C and constant at 0.3 ml/min. The injection volwwves 50ul. Tetrahydrofurane (THF)
was used as the mobile phase for isocratic ellRhtetection was conducted at ambient
temperature.

The fraction of interest (from 8 to 13 min, 1.2 mkas collected with a fraction collector.
The final dilution ratio of DCM extracts was 1 :ahd for the correct calculation of the

concentration, it should be multiplied by factor 4.
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DCM extract / 24 hour at 40 °C
Transfer DCM extract of 1 ml into a 2 ml volumelvig

e s =

DCM was evaporated with gentle blow of nitrogen,
Fill up Tetrahydrofurane (THF) of 1 ml

e s =

- Flow rate : 0.3 ml/min of Tetrahydrofurane (THF)
- Column : Semi-micro SEC column (Shodex)_
KF-401 HQ (250 * 4.6 mm,3n)
- Injection 50ul

- =

Collect between 8.0 and 13.0 min.
Fraction amount : 1.2 ml

e =

- THF was evaporated with gentle blow of nitrogen.
- Fill up MeOH of 0.2 ml
- Filter using a 0.2am syring filter to fill a 0.3 ml micro vial

— =

- Spike internal standard (Tinuvin 234)
- HPLC analysis

Figure 4-3. Schematic of SEC clean-up procedure

Migration testing using Tenax

Three sample sheets of each 0.5 avere placed into petri dishes and 2 g of Tenax was
poured onto the surface area of each sample dfamethe blank determination, Tenax of the
same mass was placed in an empty Petri dish witaosample sheet. The prepared test
samples were placed inside an air-heated oven aC40r 10 days. After this time, Tenax
was transferred into the Erlenmeyer flask for eottom, at the same time the internal
standards (BHA and Tinuvin 234) were spiked for isguantification and then the Tenax
was extracted three times using in total 90 mliethyyl ether. The extracts were transferred
into 100 ml vials and diethyl ether was completelyaporated with the aid of a gentle
nitrogen flow at room temperature.

5 ml dichloromethane for GC-FID analysis and 5 ndtimanol for HPLC-CAD analysis
were added into the fully evaporated vials respebti The extracts were filtered by a teflon

filter of 0.2 um and analyzed by GC-FID and HPLC-CAD respectively.
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4.7.3. Analysis of extracts and migrants using theéeveloped screening methods

The prepared extracts and migration solutionsewanalyzed by using the developed
screening methods. The HPLC-CAD analysis was pesdr by gradient condition B as
described in chapter 4.3.1. The GC-FID analysis wadormed by the DB-1 column
condition as described in the chapter 4.4.
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5. Results

5.1. Selection of representative adhesive relatedlsstances

The multi-method and the semi-quantitative approaehe developed using a selection of
representative substances. As the essential procddu the quantitative determination of
unknown substances migrating from adhesives, theesade related substances were
investigated through the literature seafBlonell and Lawson 1999, Gierenz and Karmann
2001, Ullmann's Encyclopedia of Industrial Chenyist008] and the opinions obtained from
the industry partners of the EU project No COLL-G3B309 ‘Migresives’. Subsequently,
among these substances, 55 representative adhedmted substances were selected
according to the following considerations.

The selected adhesive related substances shouldymeally used for adhesives
formulations and represent different chemical $tnes, polarities and molecular weights.

The maximum molecular weight was about 1000 g/otording to the Guidelines of the
Scientific Committee on Food (SCFEJCF 2002] substances with molecular weight below
1000 g/mol are regarded as toxicologically releyanice the substances with a molecular
weight above 1000 g/mol will not be adsorbed in fastrointestinal tract and are not
expected to migrate through polymer films. This nopm was only presented for the
polymeric additives in the SCF guideline. Howevdre extended application for any
substances that may migrate from packaging masdntd foodstuff is also reasonable.

A prerequisite was that reference standardbetingle compounds needed to be available
for calibration purposes. Therefore low moleculagight oligomers or other mixtures of
substances could not be included in the list. Hecsion of substances contains monomers,
additives and some solvents.

The selected substances were classified accordiaglication intention or to functional
group of the substances (Group A ~ G). More detan&rmation on these substances can be
found in Appendix 9.2. Table 4-1 shows the listtbé representative adhesive related
substances. The list contains 7 acrylates, 1liplzets, 6 carboxylic acids, 7 alcohols and
phenols, 5 amines, 5 antioxidants and 14 othertanbss. Organic solvents, monomers and
various additives (UV absorber, thermal stabilizéigorescent whitening agent, surfactant
and biocide) were included in the category “othdyssances”. The molecular weights of the
substances ranged from 62 g/mol to 1177 g/mol. rEigh+tl shows the distribution of
molecular weight of the selected adhesive relatbdtances.
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Our source for adhesive related substanceseisMbntfort list complied in the MAFF
(Ministry of Agriculture, Fisheries and Food) projéS 2223Bonell and Lawson 19991t is
a representative list on raw materials of adhesige$ood packaging. In this list, more than
360 substances are registered. Non-intentionalljeddsubstances such as reaction by-
products were not considered in the Montfort IBbr instance, primary aromatic amines
originating from isocyanates which are startingstabces for polyurethane adhesives are
representative reactive by-products. In case ofntae decomposition from non-reactive
systems further chemical compounds are of intexedtneed to be considered. The selected
55 substances (see Table 4-1) were compared wose thsted in the Monfort list. It was
found that 31 of the substances were containedeitMontfort list.

In the selection there were only few substancef wiblecular weight greater than 500
g/mol. For the development of the HPLC methods Ia8tw additives (antioxidants and UV-
stabilizers) with a range of molecular weights fr@d0 to 700 g/mol were additionally
included (Table 4-1).

The physico-chemical properties, especially thectional groups in the molecular
structure, of an internal standard should be smmil@&h those of targeted analyte. For
screening purposes and semi-quantitative estimatese generally applicable internal
standards were needed. 3-tert-butyl-4-hydroxy-d@igBHA) and 2-(2H-benzotriazol-2-yl)-
4,6-bis(1-methyl-1 phenylethyl)—phenol (Tinuvin 23#ere selected as the universal internal
standards, because BHA and Tinuvin 234 have bedabls$ied as internal standards for GC
screening analyses for a long time at Fraunhof&f. IBHA and Tinuvin 234 are used as an
antioxidant and an ultraviolet light absorber retspely. But they are seldomly used so that
most packaging materials are free of there bothstamboes. BHA and Tinuvin 234 are
containing hetero atoms and some polar functiorals that are considered to give a more
conservative estimation for a semi-quantitativaneste. For GC-FID analysis, BHA and
Tinuvin 234 are used as the internal standards HRitC-CAD analysis, only Tinuvin 234
was used, since BHA cannot be detected by CAD Isecaliits relatively high volatility.
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Figure 5-1. Molecular weight distribution of 55 &dive related substances.
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5.2. Development of screening method by HPLC-CAD

5.2.1. HPLC-CAD analysis data

For the development of the HPLC method, standafrd#l 65 plus 12 additional substances
were analyzed using the charged aerosol detec®D)CAn internal standard (Tinuvin 234)
was used.

Table 5-1 shows the screening results of all smossthat were detectable by CAD. The
analysis data of all detected substances and tmparison results for two different mobile
phase compositions are summarized in this talihear regression was obtained between the
ratios of peak area of the analytes to that ofititernal standard and the corresponding
concentrations. The limit of detection (LOD) acdogdto the German standaIN 32645
[1994] was studied with calibration curves.

As discussed in chapter 3.3.4, C18 column aadignt elution using acetonitrile (ACN)
and water would be the most useful conditions tpasse the selected adhesive related
substances. The detection sensitivity of the CADnfeienced by the content of organic
solvents in the mobile phase compositi@armache et al. 2005, Brunelli et al. 2007 and
Gorecki et al. 2006 Therefore, the influence of the content of oigasolvents in the mobile
phase composition was also characterized.

In order to obtain improved resolution, a good #emity of CAD and a suitable
chromatographic run-time, two different mobile phasompositions of ACN and water
(Gradient condition A and B, see chapter 4.3.1)ewested for gradient elution in this thesis.
Total 28 substances of 67 test substances weretegtender the gradient condition A and B.
Figure 5-2 and 5-3 show the related chromatograms.

The use of gradient condition A does not permiffisight resolution of 28 substances
detected by CAD. The substances that have relatihgdh polarity such as BADGE,
triethylene glycol dibenzoate (TEGDB), diethylerigcgl dibenzoate (DEGDB), Irganox 245,
Benzoflex 284, dipropylene glycol dibenzoate (DPGDEd Irganox MD 1024 were all
eluted at the retention time range between 3 améhdtes in gradient condition A.

On the contrary, besides some substances thatapped each other (DEGDB with
TEGDB and diethylhexyl phthalate with diethylhexgdipate), most substances were
separated with improved peak resolution under tredignt condition B (Figure 5-3).

Especially, Bisphenol A was eluted at column dealdiwe in gradient condition A, but it
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was retarded after the column dead-volume in grdidiendition B. Also, besides Chimasorb
81 and dipropylene glycol dibenzoate, most substame@re detected with a good peak shape.

Chimasorb 81 showed a tailing peak in both gradtenditions and therefore the response
was poor. The tailing may be caused by additiohalcal interaction between Chimasorb
81 and the residual silanol groups of the statipmdwrase. The peak tailing of Chimasorb 81
could be overcome by pH modification of the molplese composition by using acetic acid
[Quinto-Fernandez et al. 2003, Specific migration]

Docusate sodium, an ionic compound, was not redarde the C18 column with
acetonitrile/water mobile phase compositions, Inat peak was found in the column dead-
volume. Besides docusate sodium, some carboxylis dsophthalic and terephthalic acid)
in the Group C were detected by CAD (Figure 5-4if, ibwas necessary to adjust the pH of
the mobile phase using an appropriate buffer tovgare the ionization and to obtain a
sufficient retention.

As shown in figure 5-3, dipropylene glycol dibenmatandard was eluted with two
separated peaks (peak No. 6 and 6-1). In ordeteatify of these peaks, dipropylene glycol
dibenzoate was analyzed by LC-MS. As the resytt,ogiylene glycol dibenzoate was eluted
with four separated peaks (peak 1 ~ 4, see Figtseib the HPLC analysis using a C18
column and ammonium acetate buffer (5 mM, pH=3.8pite phase (Table 4-6). The sodium
adduct of dipropylene glycol dibenzoate (m/z 368swnly confirmed from the mass spectra
of four separated peaks (Figure 5-5). This meaas ttie peak No. 6-1 was identified as
isomer peak of dipropylene glycol dibenzoate. Tfueeg for the calculation of the relative
response factors of dipropylene glycol dibenzaodwe sum of areas of both peaks (peak No. 6
and 6-1) was taken.

The minimum molecular weight of the detected sulxsta by CAD was 228.29 g/mol
(Bisphenol A, vapor pressure 5.21E-05 Pa). The cutde weights of most substances which
could not be detected by CAD, were below 300 g/mol.

The maximum vapor pressure of representative adheslated substances for detection by
CAD was 8.39E-03 Pa (2-ethylhexyl diphenyl phosphdW 362.44 g/mol). The more
volatile substances with high vapor pressure wetalatected in the calibration range as well
as at high concentrations (about 1000 pg/ml). Vagessures of all substances detected by
CAD except diethylhexyl adipate and 2-ethylhexyitdinyl phosphate were below1Pa.

The response of CAD is not affected by physico-dhahproperties of the analyt¢gSA
Inc online] Therefore, it provides a universal detectionrion-volatile substances. Irganox

PS 800 has no UV chromophores in the molecularctstre and therefore it cannot be
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detected by an UV detector. However, Irganox PS&Q0d be detected with good sensitivity
in this study (Figure 5-3).

Response plots of the analyte concentration veaisipeak area ratio between analyte and
internal standard were observed to have good liyesr both mobile phase compositions
(see chapter 9.1.1). For all substances in theerdration range from 0.1 to 50 pg/ml, the
correlation coefficients varied between 0.9960 ar@DO in the gradient condition A, and
between 0.9952 and 0.9999 in the gradient condiBpnespectively. All calibration curves
via Tinuvin 234 are presented in chapter 9.1.1 sdely. Diethylhexyl phthalate, diethylhexyl
adipate, dipropylene glycol dibenzoate and promylglycol dibenzoate showed a non-linear
slope.

In order to evaluate the sensitivity of the CAD fine substances detected under two
different mobile phase compositions, the limit etettion (LOD) values were determined.
The LOD values for the individual substances rarngeich 0.30 to 3.28 pg/ml in the gradient
condition A, and from 0.45 to 3.53 pg/ml in thedjest condition B, respectively. However,
the LOD values of 17 substances measured undegréfigent condition A were lower than
those obtained from the gradient condition B. Om Whole, it is considered that the CAD
sensitivity of the non-volatile substances was sehat influenced by organic solvent content

in mobile phase composition.
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Table 5-1. LOD, correlation coefficient R valueslaretention data of representative adhesive

related substances analyzed with HPLC-CAD underdifferent gradient conditions.

Vapor LOD (pg/ml) Correlation coefficient R
Classification| Nr. Substances MW pressure - - - -
(g/mol) Pa) Gradient Gradient Gradient Gradient
condition A dondition B condition A dondition B
1 |Diehylhexyl phthalate 390.56 1.89E-05| 2.12 2.49 984 0.9978
2 |Diethylhexyl adipate 370.57 1.13E-04 2.47 3.53 0P9 0.9952
3 [2-ethylhexyl diphenyl phosphate 362.44 8.39E-0B 51.9 0.79 0.9985 0.9998
Group B 4 |Diethylene glycol dibenzoate 314.34 9.63E-05 1.40 730 0.9992 0.9998
Plasticizers | 5 |Triethylene glycol dibenzoate 358.4( 6.33E-06 0.54 0.93 0.9999 0.9997
6 |Dipropylene glycol dibenzoate 342.42 6.13E-05 2.25 | ND<5ppm 0.9982 ND < 5 ppm
7 |Propylene glycol dibenzoate 284.3] 2.53E-0p 3.28 Nbppm 0.9960 ND < 5 ppm
8 5i'g'e‘;'égrtgemy"1'3'pe”‘a“edi°' 354.45 | 1.16E-06 2.00 1.03 0.9986 0.9996
9 (Irganox 1076 531 451E-11 0.59 0.90 0.9999 0.9997|
Group F 10 [Irgafos 168 646.93 2.45E-11 0.52 0.45 0.9999 0.9999
Antioxidants | 11 (Irganox 1330 775.21 4.19E-20 1.31 1.54 0.9992 ®998
12 |lrganox 1010 1177.7 1.55E-31 0.36 1.39 1.0000 ®999
13 |Bisphenol A 228.29 5.21E-05 NR 0.93 NR 0.9996
14 |4,4'-bis (diethylamino)benzophenong 324.46 4.33E-07 0.77 1.52 0.9998 0.9990
erow e 15 |BADGE 340.42 1.44E-05 0.94 0.45 0.9996 0.9999
Others 16 |Uvitex OB 430.06 2.29E-10 0.36 0.78 0.9999 0.9997
17 |Docusate sodium 445.63 2.89E-09 NR NR NR NR
18 |Chimasorb 81 326 7.00E-07 ND < 10 ppmND < 10 ppm | ND <10 ppm | ND < 10 ppm
19 [Tinuvin 327 357.16 2.67E-07 0.66 0.92 0.9999 0.9996
20 |lIrganox 1081 358.5 6.53E-06 0.41 1.22 0.9999 0.9993
21 (Irganox 3052 394.25 3.65E-08 0.84 0.68 0.9997 ®999
22 |Irganox PS 800 515 2.35E-11 0.96 1.13 0.9997 0.9995
Group H 153 |irganox MD 1024 552.39|  1.65E-15 0.87 2.44 0.9997 99m4
QSSSQQSLS 24 |irganox 245 586.37|  1.09E-16 0.77 2.46 0.9998 0.9975
25 |Irganox 565 588.4 1.77E-16 0.51 1.39 0.9999 0.9992
26 (Irganox 1098 637 1.59E-20 0.30 1.39 1.0000 0.9997|
27 |Ultranox 626 640.3 1.07E-09 0.55 0.76 0.9999 0.9998
28 (Irganox 1035 642 7.17E-16 0.43 0.90 0.9999 0.9997|
29 |Irganox 3114 784 1.19E-21 1.01 1.00 0.9996 0.9996|

ND : not detected, NR : not retarded,
Source of vapor pressure : SRC (http://www.syrres/atiat-we-do/databaseforms.aspx?id=386)
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Figure 5-2. Representative chromatograms of thevotatile substances that were analysed
by HPLC-CAD equipped with C18 separation colummaiihjection of 20.0 ul of a standard

solution containing 50 pg/ml _Gradient condition A.
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Figure 5-3. Representative chromatograms of thevtatile substances that were analysed
by HPLC-CAD equipped with C18 separation colummaiihjection of 20.0 ul of a standard
solution containing 50 pg/ml_Gradient condition B.
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Figure 5-4. HPLC-CAD Chromatogram of isophthalia aerephthalic acid (MW: 166.13
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5.2.2. HPLC-CAD relative response factors

The applicability of a semi-quantitative approacsing universal standard substances was
investigated via the relative responses of thetanbss in relation to the internal standard.

The RRF values of total 27 substances in gradiemtliton A and 28 substances in gradient
condition B were calculated for mass related cotmaéon (mg/l, RRF w/w) and molar
concentration (mol/l, RRF mol/mol).

The mass and molar related response factors (RRFand mol/mol) relative to an internal
standard (Tinuvin 234) are summarized in table 32e RRF values (w/w) are highly
variable from 0.29 to 2.61 in the gradient condit® and from 0.25 to 2.44 in the gradient
condition B. Especially, Irganox 1330, Irganox 56fganox PS 800, Irganox 1076 and
Irgafos 168 showed much higher responses than ahlestances. The molarity related
relative responses (RRF mol/mol) are also highbttsced in the range from 0.17 to 3.43 in
the gradient condition A and from 0.14 to 4.22he gradient condition B. Also, these values
showed not a linear correlation increasing with thelecular weight in both gradient
conditions (Figure 5-7 and 5-9). The relationshgiween the molecular weights and CAD
responses (w/w) of the test substances are depictiegglire 5-6 for the gradient condition A
and in figure 5-8 for the gradient condition B. Tideal range of the RRF values is usually
recognized for 0.8 to 1.gKazakevich and LoBrutto 2007, Burgard and Kuzni@ki90].
Among the substances listed in table 5-2, the anbsts with molecular weight higher than
400 g/mol or with a vapor pressure below f@Pa, respectively, showed a response (RRF
w/w) higher than 0.8 both for gradient condtion AdaB (partition B in Figure 5-6 and
partition B-1 in Figure 5-8). On the contrary, ttedative response (RRF w/w) of substances
with a molecular weight below 400 g/mol or with aper pressure above I®Pa was less
than 0.8 for both mobile phase compositions (partifA in Figure 5-6 and partition A-1 in
Figure 5-8). As an exception, in spite of small ewollar weight and high vapor pressure,
4,4’-bis(diethylamino) benzophenone (BDBP) showeddyresponse by CAD with the RRF
value (RRF w/w) 0.83 and 0.93 in both gradient d¢towls, respectively. In conclusion,
analytes for CAD detection need to fulfil the twaterions, higher than 400 g/mol molecular
weight and lower than 10 Pa vapor pressure.

The change of organic solvent content in mobile sphaomposition during the
chromatographic run versus the CAD response arectéepin figure 5-10 and 5-11,
respectively. When comparing the responses un@etwh different gradient conditions, no

dependency from the organic solvent content inntlebile phase was visible. For instance,



Irganox 3114, Irganox 1098, Irganox 245, Irganod3.@nd more with greater molecular
weight and/or lower vapor pressure were eluted wdler organic solvent content,

nonetheless, these substances were detected witlarsresponses in both mobile phase

compositions.

Table 5-2. Relative response factors of represestaidhesive related substances retarded

under two different separation conditions.
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- MW Vapor RRF (w/w) RRF (mol/mol)
Classification | No. Substances (g/mol) pr((asz;jre Gradient Gradient Gradient Gradient
condition A | condition B | condition A | condition B
1 |Diehylhexyl phthalate 390.56 1.89E-05 0.54 0.52 80.4 0.46
2 |Diethylhexyl adipate 370.57 1.13E-04 0.46 0.41 0.38 0.34
3 |2-ethylhexyl diphenyl phosphate 362.44 8.39E-03] 40.3 0.38 0.27 0.40
Group B 4 |Diethylene glycol dibenzoate 314.34 9.63E-05 0.42 470 0.29 0.28
Plasticizers 5 |[Triethylene glycol dibenzoate 358.4 6.33E-06 0.57 0.58 0.46 0.46
6 |Dipropylene glycol dibenzoate 342.47 6.13E-05 0.29 0.32 0.22 0.14
7 |Propylene glycol dibenzoate 284.3 2.53E-05 0.30 50.2 0.19 0.16
8 |2,2,4-trimethyl-1,3-pentanediol dibezoate 354.45 1.16E-06 0.34 0.38 0.27 0.30
9 |lrganox 1076 531 4.51E-11 2.21 2.26 2.78 2.68
Group F 10 (Irgafos 168 646.93 2.45E-11 1.95 2.04 2.81 2.96
Antioxidants | 11 |Irganox 1330 775.21 4.19E-20 1.82 2.44 3.10 4.22
12 |Irganox 1010 1177.7 1.55E-31 1.09 1.51 2.50 4.05
13 |Bisphenol A 228.29 5.21E-05 NR 0.64 NR 0.33
Group G 14 |4,4'-bis (diethylamino)benzophenone 324.4 4.33E-07 0.83 0.93 0.53 0.67
15 [BADGE 340.42 1.44E-05 0.70 0.59 0.53 0.45
Others 16 |Uvitex OB 430.06 2.29E-10 0.99 0.96 0.96 0.92
17 |Docusate sodium 445.63 2.89E-09 NR NR NR NR
18 |Chimasorb 81 326 7.00E-07 0.28 0.26 0.17 0.19
19 |Tinuvin 327 357.16 2.67E-07 0.61 0.74 0.54 0.47
20 |lrganox 1081 358 6.53E-06 0.45 0.34 0.47 0.29
21 |[lIrganox 3052 394.25 3.65E-08 0.68 0.57 1.06 0.50
22 |Irganox PS 800 515 2.35E-11 2.10 2.15 2.22 2.44]
Group H 23 |[lIrganox MD 1024 552.39 1.65E-15 0.95 0.99 1.17 1.22
Qﬁgggﬂis 24 |Irganox 245 586.37 1.09E-16 0.81 0.85 1.06 1.09
25 |[lIrganox 565 588.4 1.77E-16 2.61 2.44 3.43 3.05
26 |lrganox 1098 637 1.59E-20 0.92 0.91 1.20 1.30
27 |Ultranox 626 640.3 1.07E-09 0.59 0.92 0.84 1.31
28 |lrganox 1035 642 7.17E-16 0.84 0.83 1.20 1.20
29 [Irganox 3114 784 1.19E-21 0.94 1.05 1.62 1.84
Mean 0.91a 0.96 a 1.14B 1.20 b

NR : Not retarded,

1) and 2

'Means with the same letter are not significantffecent ( p > 0.05).

Source of vapor pressure : SRC (http://www.syrreslatiat-we-do/databaseforms.aspx?id=386)
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5.3. SECxNP-HPLCxCAD two-dimensional chromatography

5.3.1. Optimization of the SECxNP-HPLC conditions

Two-dimensional separation techniques with twoedédht stationary phases shall improve
peak capacity and resolving power compared to amestsional ones in this thesis. For the
optimization of the online two-dimensional sepamatsystem, the combination of stationary
phase for the first and second dimension, the ctaibpdy of mobile phase and the sample
transfer modulation using switching valve are mgiortant considerations.

Size exclusion chromatography (SEC) and normal ehbgh performance liquid
chromatography (NP-HPLC) were choosen for the frsi second dimension respectively.
For the first dimension a nonaqueous semi-micro 8&Gmn (KF- 401 HQ 250 x 4.6 mm, 3
um, Shodex) based on styrene-divinylbenzene (S-D&tolymer was selected and a diol
colunm (LiChrospher Diol 250 x 4.0 mmu#n) was selected for the second dimension.

The compatibility of the mobile phases is very impot for the two-dimensional separation.
In this study, the mobile phase composition ot faisd second dimension should be identical
because the charged aerosol detector (CAD) is samgitive for changes of the mobile phase
composition. In order to optimize the mobile phasenposition, an antioxidant (Irganox
1010) was analyzed with two different mobile phesmpositions (dichoromethane:n-hexane
and dichloromethane:n-heptane) on the first dinengiSEC). Using dichoromethane:n-
hexane, the peak eluted from the SEC dimension aticav broad tailing peak, whereas

dichloromethane:n-heptane showed a sharp and Sgaigteak (Figure 5-12).

700 140

AbsorbancemAl) Absorbance (AU)
] ] Iganox 1010
Irganax 10101
500 100 4
375 I
250 50
125+ 25
—J [ L,,WJ_LL_’LWLL
'10,0\\\\\\\\\\\\\\\ -20\\\\\\\\\\\\\\\\\
00 100 200 0,0 40,0 0 5 10 15 19
time (min) time (min)
50:50 Dichloromethane/n-Hexane 50:50 DichloromethanHeptane

Figure 5-12. SEC chromatograms of Irganox 1010 rsd¢pa with two different mobile pahse
compositions.
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In order to find a suitable separation conditiontfee second dimension, four additives with
different polarities (Irganox 1076, Irganox 133fyafos 168, Uvitex OB) were analyzed by
using two different dichloromethane : n-heptan@osafis mobile phase compositions (NP-
composition A and B). As stated above, a diol ptedemn (LiChrospher Diol 250 x 4.0 mm,
5 um) was used and the flow rate was 2.0 ml/min. Asaghin figure 5-13, the four additives
were separated within 1 minute in both mobile phem@positions but NP-composition B
with a ratio of 30:70 (Dichloromethane : n-heptas@pwed better resolution than NP-

composition A.

70_GPC-HPLC CAD TEST 6 NP_WITH n Heptane Corona g0 _GPC-HPLC CAD TEST 6 NP_WITH n Heptane Corona
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3 704 3
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50:50 DCM/n-Heptane (NP-composition A) 30:70 DCNHaptane (NP-composition B)

Figure 6-13. Second dimension chromatograms
1: Irganox 1076, 2 : Irganox 1330, 3 : Irgafos 1468 Uvitex OB

5.3.2. SECxNP-HPLCxCADtwo-dimensional separation

As the first step in order to reach maximum peafasgtion when analysing complex
adhesive samples, 11 additives related to adhe§hadde 4-3 in chapter 4.1.3) were selected
and analyzed by the online two-dimensional system.

For the first dimension, two 250 mm SEC columnseanannected in series, since a single
SEC column had too limited peak capacity and reéswluThis effect is already described in
literature[Opiteck and Jorgenson 1997, Gilar et al. 2005]
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Based on the results described above (chapter)5a8dichloromethane:n-heptane mobile
phase mixture was selected for the development@fanline two-dimensional screening
method. Isocratic analysis with the same mobilesphaas performed on both SEC and NP-
HPLC dimension.

Figure 5-14 shows the raw chromatograms of a mextfr11 additives in the first and
second dimension. The 11 additives were elutechénfirst dimension (SEC) according to
their hydrodynamic volume and were monitored by tBfection at 240 nm. In the second
dimension each effluent fraction was separatedrdoup to hydrophobicity or polarity of the
substances and monitored by CAD. The two raw chtognams need to be combined and the
sampling fractions in both dimensions need to beskckered in order to achieve a two-
dimensional chromatogram. This was done by handa igraphic software programm
OriginPro 8[Originlab, Northampton, MA, USA]The result is shown in figure 5-15.

301 -

250

First dimension (SEC - UV)

200 o
150 o

100 H

s01 Second dimension (HPLC-CAD)

Figure 5-14. SEC-HPLC-CAD two-dimensional chromaémgs of 11 additives analyzed by
Dichloromethane : n-Heptane (30 : 70) isocratitiehs.
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11 additives mixture

Irganox 1035
Irganox 1010 @

Irgahox 3114

-75,00

16,63

108,3
199,9
291,5
383,1
474,8

658,0

Peak intensity of second dimension (mv)

Uvitex OB

Irganox PS800 @ Chimasorb 81

O Tinuvin 234
Irganox 1330

Irganox 1076 and Irganox PS 802

HPLC-NP retention time (min)

Irgafos 168

20 25 30
SEC retention time (min)

Figure 5-15. The two-dimensional SEC-HPLC contdot pf 11 additives.
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5.4. Development of a screening method by GC-FID

5.4.1. Pre-selection of GC columns

Four different columns of different polarity weksted to select the best suitable column(s)
for the development of a semi-quantitative scregmnmethod. 26 substances from table 4-2 in
chapter 4.1.2 were analyzed by the GC-FID systequgoped with four different candidate
columns (DB-1, DB-FFAP, ZB-624, ZB-Wax). The resudre summarized in table 5-3.
Figure 5-16 to 5-19 show the chromatograms.

The ZB-624 column is specifically designed for tkeparation of volatile organic
compounds and coated with a low-polar stationagsph22 substances were eluted from the
ZB-624 column. The main advantage of thick filmwuhs is the strongly increased retention,
allowing analysis of volatile compounds at normapitary GC temperatureSteenackers
and Sandra 1995]For above mentioned reasons, most volatile sobsteamong 26
substances showed enough response and good sgnettithe ZB-624 column. Especially,
the hydrocarbons such as styrene, p-xylene andaatmthylstyrene showed a higher
response than other substances, because the Fibnsesis proportional to the number of
carbon atoms in hydrocarbon molecules. Calibratiasiag the internal standard BHA (3-
tert.-butyl-4-hydroxy-anisole) showed good linearit the concentration range from 1 to 50
pg/ml at a correlation coefficient of more than G89The limits of detection (LOD) values
determined according to DIN 32645 ranged from @042.53ug/ml. Polar substances such as
alcohols and caprolactam showed a tailed peak shagetherefore low sensitivity. The
plasticizers such as phthalates and adipates Wiael higher boiling points were not eluted
on the ZB-624 column, since the upper temperatoig of the stationary phase is 260G.

21 substances were eluted from the DB-1 columnhHdiglar substances like the alcohols
did not show enough response or were not deteateth® DB-1 column because of the
polarity difference between the alcohols and statip phase of the DB-1 column.
Acrylonitrile, 1,3 butadiene, vinyl chloride andnylidene chloride were not retarded on the
DB-1 column because of their extreme high volatilidn the contrary, non or semi-polar
substances such as hydrocarbons, acrylates, @assio(phthalates and adipate) and the
antioxidant BHT were eluted with good responseilCations of these substances using the

internal standard (BHA) showed good linearity ie toncentration range from 1 to g&/ml
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at a correlation coefficient of minimum 0.9967. Tb@&D values ranged from 1.18 to 3.25
pg/ml.

As polar stationary phases, DB-FFAP column aBdWax were tested. Methyl acrylate
and ethyl acetate overlapped with the solvent p@dlker substances were detected by using
the DB-FFAP and ZB-Wax.

The DB-FFAP column was specially developed to aralyarboxylic acids like fatty acids
[Hewlett Packard Application Note 1998[he DB-FFAP provided the more symmetric peak
shapes and enough response from polar to non-goldstances compared to the other
columns (Figure 5-16).

ZB-Wax column is specified for separation of potamplex mixtures such as alcohols,
phenols and carboxylic acids. The maximum appleadhperature of the DB-FFAP and the
ZB-Wax columns is 260 °C. Nevertheless, the nomtel plasticizers with relatively high
boiling point could be detected on both columns.

Response plots of the analyte concentration vgpsak area showed good linearity. The
correlation coefficients of all detected substanipethe calibration range from 1 to p@/ml
varied between 0.9920 and 0.9997 for the DB-FFARBmD, and between 0.9922 and 0.9998
for the ZB-Wax column respectively. The LOD valdes the individual substances ranged
from 0.91 to 9.12ug/ml in the analysis using DB-FFAP, and from 0.@112.8ug/ml in the
analysis using ZB-Wax, respectively.

In conclusion, the high boiling point plasticizditee DIBP, DBP, DEHA and DEHP were
not eluted from the ZB-624 column because of itagerature limit. On the contrary, the
plasticizers were detected with enough respons&Beh and DB-FFAP.

Alcohols, high polar substance groups, showed per responses on non- or semi-polar
stationary phases (DB-1 and ZB-624). However, tbetmls showed better peak shape on the
DB-FFAP and ZB-Wax coated with polar stationary gggand therefore higher sensitivity
than on DB-1 and ZB-624 was achieved. In additadintest substances were detected on DB-
FFAP and ZB-Wax.

Based on the above stated results, DB-1, DB-FFAPZBYWax could be used to develop
the multi-screening method. However, the ZB-Waxunuot exibited nearly similar separation
properties to DB-FFAP. Therefore, DB-1 and DB-FPAEre finally used and tested further
for the development of the multi-screening methgdusing the representative adhesive

related substances.
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Table 5-3. Comparision of the relative responséofaqRRF), limits of detection (LOD) and
correlation coefficients, R values of 26 test sabsés on 4 columns of different polarity
(GC-FID).

ZB-624 DB-1 DB-FFAP ZB-Wax
No. Substances (g’\/ﬂ,\:,\‘l)n (?\,A,S Correlatiof | o Correlation| | o Correlation | - Correlatiof |
RRF |coefficien RRF coefficient RRF | coefficient RRF |[coefficient

R (ug/ml) R (ng/ml) R (ng/ml) R (ng/ml)
1 Acrylonitrile 53.06 |107-13-1 1.36 0.9996 | 1.31 ND ND ND 0.93 0.9965 3.05] 125  0.9971 2.74
2 1,3 Butadiene 54.09|106-99-0  1.00 0.9994 | 1.88 ND ND ND 0.85 0.9920 5.07 0.80|  0.9932 4.97
3 Ethylene glycol 62.06(107-21-1 0.19Y - - 0.22Y - - 0.34 0.9957 | 4.64 0.37| 0.998p 3.02
4 Vinyl chloride 62.49 | 75-01-4| 0.48 0.9997 | 1.05 ND - - 0.49 0.9960 9.12 0.32|  0.9942 12.76
5 Propylene glycol 76.11| 57-55-6| 0.29Y - - 0.37Y - - 0.52 0.9941 4.61 0.50 0.9978 2.81
6 Vinyl acetate 86.09(108-05-4 1.13 0.9997 | 1.17 0.16” - - 0.32 0.9972 | 3.09 0.38| 09935 4.74
7 Methyl acrylate 86.09| 96-33-3| 0.69 0.9993| 2.53 0.72 0.9995 | 127 ND ND ND ND ND ND
8 Ethyl acetate 88.11(141-78-4 0.96 0.9999 | 0.60 0.74 0.9967 | 325 ND ND ND 0.29 | 0.9958| 3.64
9 1,4 Butanediol 88.53/110-63-4 0.48? - - 0.39Y - - 0.62 0.9941 5.24 0.64 0.995p 4.73
10 | Vinylidene chloride | 96.94 | 75-35-4| 0.41 1.0000| 0.42 ND ND ND 0.44 0.9985 2.90 0.45 0.995f 5.01
11 Ethyl acrylate 100.11/140-88-§  0.93 0.9999 | 0.56 0.78 0.9996 | 1.18 0.86 0.9988 1.99 0.75 0.9998 0.86
12 | Methyl methacrylate| 100.11 | 80-62-6| 1.03 0.9998 | 0.87 0.86 0.9996 | 1.19 0.89 0.9988 2.06 0.98 0.9998 1.58
13 Styrene 104.15(100-42-§ 1.98 0.9998 | 0.97 1.91 0.9993 | 154 187 0.9992 1.64 1.76 0.9989 1.86
14 | Diethylene glycol | 106.13111-46-§ 0.22% - - ND ND ND 0.35 0.9947 | 433 0.35| 0.994p 4.39
15 m-Xylene 106.17|108-38-3 1.73 0.9999 | 0.68 1.88 0.9991 | 161 175 0.9968 3.06 1.65 0.9958 3.54
16 ¢ -Caprolactam 113.16105-60- 0.72? - - 0.722 - - 0.91 0.9926 5.89 0.91 0.992) 5.88
17 | Ethyl methacrylate | 114.1497-63-2| 1.07 0.9999 | 0.65 0.91 0.9996 | 1.19 0.90 0.9996 1.14 0.88 0.9997 0.99
18 |N-Vinyl-2-Pyrrolidinong 114.14 | 88-12-0| 0.60 0.9999| 0.75 0.68) 0.9987 | 224 o087 0.9969 3.44 0.84| 09963 3.50
19 | alpha -Methylistyrene| 118.18 | 98-83-9| 1.97 0.9998 | 0.81 1.65 0.9994 | 158 1.69 0.9966 3.85 153 0.996] 4.15
20 Butyl acrylate 128.18/141-32-4 1.18 0.9999 | 0.50 1.06 0.9995 | 135 1.10 0.9997 0.91 1.07 0.9998 0.74
21| Butyl methacrylate | 142.19 97-88-1| 1.19 0.9999| 0.78 1.11 0.9995 | 124 115 0.9997 0.91 1.22 0.9998 0.71
22 nﬁefh?,:;ﬁ;n%‘f(yéén 220.35(128-37-0 1.72 0.9996 | 1.54 1.52 0.9994 | 163 1.45 0.9989 211 1.46 0.9992 1.80
23 D"S°?gtl>"3'§)hth'ate 278.35| 84-69-5| - - - 1.02 0.9990 | 2.19| 0.99 0.9982 | 2.87 099 009989 222
24 Dib“t(yggg‘)ha'a‘e 278.35 | 84-742| - ; . 0.97 09993 | 177| 095 | 009986 | 258 097| 09998 1.82
25 Die‘hﬁg‘gﬁy}”adipate 37057 |103-23-] - ; : 099 | 09993 | 183 105 | 09985 | 258 087| 0997p 3.10
26 Diemy'(ht‘féﬁ;)h‘ha'a“ 390.56 |117-81-] - - - 115 09992 | 188 1.17 0.9986 | 2.55 063| 09981 2.96

ND : not detected or overlap with solvent (MeOH) pak
D not detected less than 25 ppm
2 not detected less than 5 ~ 10 ppm
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Figure 5-16. Comparison of chromatograms that veeralysed by GC-FID equipped with
DB-FFAP column after injection of 1.0 ul of a standl solution containing 50 pg/ml.
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Figure 5-17. Comparison of chromatograms that vesralysed by GC-FID equipped with
ZB-Wax column after injection of 1.0 pl of a standlgolution containing 50 pg/ml.
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Figure 5-18. Comparison of chromatograms that veeralysed by GC-FID equipped with

DB-1 column after injection of 1.0 pl of a standaadution containing 50 pg/ml.
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Figure 5-19. Comparison of chromatograms that vesralysed by GC-FID equipped with

ZB-624 column after injection of 1.0 pul of a staralaolution containing 50 pg/mil.
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5.4.2. GC-FID separation on non-polar DB-1 column

In order to develop the multi-screening methfmtssemi-quantification of volatile to semi-
volatile unknown substances, 55 of representativeensal standards were analyzed by GC-
FID equipped with a DB-1 column. The linearity tietcalibration curves and the limit of
detection (LOD) according to the German standartl BR645[DIN 32645 1994]were
studied.

The results are summarized in table 5-4 anddigy20 shows the chromatogram. The LOD
values did not show marked difference between teéhads using 3-tert.-butyl-4-hydroxy-
anisole (BHA) and 2-(2H-benzotriazol-2-yl)-4,6-dishethyl-1 phenylethyl) -phenol
(Tinuvin 234) as the internal standards. The LOMues of all detected substances ranged
from approximately 0.2 to 2,69/ml using BHA and from 0.4 to 2p@y/ml using Tinuvin 234.
Linear calibration curves were determined by lineagression analysis using the peak area
ratios between the detected substances and intgaradards and a seven point calibration in
the concentration range of 0.1 ~ p§/ml. Calibration using BHA and Tinuvin 234 showed
good linearity in the range from 0.1 to %@/ml at correlation coefficients of minimum
0.9967 and 0.9959 respectively. All calibrationvas using BHA are presented in chapter
9.1.2.

Most substances in the groups of acrylates, plasti antioxidants and other substances
were detected in the whole calibration range. logab010 among the antioxidants (Group F)
was not detectable even at the highest concenirafi@bout 100Qug/ml because of its low
volatility and the temperature limit of the DB-1lemn. The phenol type (BHT, Irganox 1076
and Irganox 1330) and phosphite type (Irgafos Eétjoxidants were detected with enough
responseThe peaks of docusate sodium and carprolactam au@sG were not detected
under the calibration standard concentration ofahd 1.0ug/ml, respectively.

The substances containing a polar functional groupolecular structure such as carboxyl,
alcohol and amine were not detected with enougporese or did not show response and
symmetric peak shape on the DB-1 column (Figur® a+#d 5-21).

Alcohols except resorcinol (1,3-Benzenediol) we detected at calibration standard
concentrations lower than 5.@/ml. Bronopol (2-Bromo-2-nitropropane-1,3-diontaining
alcohol functional groups, a halogen element (BJ a heteroatom N showed a bad response
by FID regardless of the types of separation cokinfiigure 5-22 shows the chromatograms
of a bronopol standard that were analyzed with difi@rent columns (DB-1 and DB-FFAP).
Several unknown peaks were found only in the chtogram of DB-1 columnCarboxylic
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acids are not volatile enough and were not detexiayp GC systenfWwaksmundzka-Hajnos
1998]

The amines showed a better sensitivity on DB-1 @daohols. However, amines are likely
to be adsorbed and decomposed on GC column andd$mption and decomposition of
amines on GC column gives rise to tailing peakgsghg phenomena and poor sensitivity
[Terashi et al. 1990, Abalos et al. 2001, Pfundstsial. 1991] As shown in figure 5-20,
melamine in Group E was not detected at the coratgm of 1000 pg/ml. Isophoron diamine
and 4,4-methylenedianiline were eluted as two pea&spectively. However, the
decomposition peak of 4,4-methylenedianiline was foand for calibration concentrations
below 50 mg/l. Isophoron diamine is usually prodles the mixture of cis and trans isomers
(cis/trans ca. 3:1)Berkessel et al. 2006J'wo peaks otis-trans isomers were found in GC-
MS chromatogram and the peak areas of two isomers wombined for the quantification
[Dalene et al. 1994]in this study, two isomeric peaks of isophoroangine were combined
to determine the relative response factors (RRF).
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Table 5-4. LOD and correlation coefficient R valuisrepresentative universal standards

analyzed with GC-FID equipped with DB-1 column.

Correlation
Classi- Retention coefficient R LoP (ug/ml)-
o No. Substances MW ) ) via . via Remark
fication time (min.) via L via L
BHA Tinuvin BHA Tinuvin
234 234
1 Methyl acrylate 86.09 1.559 0.9999 0.9999 0.51 490. ND < 0.5 ppm
2 Ethyl acrylate 100.11 2.068 0.9999 0.9999 0.44 0.42
3 Methyl methacrylate 100.11  2.217 0.9998 0.9987 0.69 0.71
i;?;‘l’;{: 4 Ethyl methacrylate 114.14  3.317 0.9999 0.9998 0.63 0.49 ND < 0.5 ppm
5 Butyl acrylate 128.18 6.308 0.9998 0.9997 0.60 0.63
6  Butyl methacrylate 142.19  9.093 0.9996 0.9996 0.82 0.72
7  Ethylhexyl acrylate 184.28 16.677 0.9997 0.9997 0.68 0.60
8 Di-iso-butyl phthalate 278.35 30.849 0.9999 0.9997 0.41 0.83
9 Dibutyl phthalate 278.35 32.611 0.9999 0.9997 0.42 0.77
10 Diethylhexyl phthalate 390.56 42.567 0.9998 0.9998 0.76 0.76
11 Diethylhexyl adipate 370.57 40.577 0.9977 0.9975 2.06 2.15
12 Triacetin 218.20 19.325 1.0000 0.9996 0.27 0.78
GTO_UF_) B 13 Phosflex 362 362.44  40.530 0.9967 0.9968 2.51 2.46
Plasticizers 14 piethylene glycol dibenzoate 314.34 18.208 0.9999 0.9998 0.53 0.60
15 Triethylene glycol dibenzoate 358.40 44.904 0.9997 0.9993 0.84 1.28
16 Dipropylene glycol dibenzoate 342.42 41.040 0.9998 0.9998 0.72 0.75 ND < 0.5 ppm
17 Propylene glycol, dibenzoate 284.3 35.829 0.9999 9998 0.48 0.63
1g Z24-Trmethyl 3pentanediol 35445 41485 0.9997 0.9993 0.74 112
19 Acrylic acid 72.06
20 Fumaric acid 116.07
Ci:gggyﬁc 21 Maleic acid 116.07 ND in Calibration range
acid 22 Adipic acid 146.14
23 Terephthalic acid 166.13
24 Isophthalic acid 166.13
25 Ethylene glycol 62.06 2.083 ND < 10 ppm
26 Propylene glycol 76.1 2.512 0.9991 0.9992 2.07 1.97 ND < 5 ppm
27 1,4-Butanediol 90.12 7.599 ND < 10 ppm
i:ggﬁo? 28 Diethylene glycol 106.12  8.140 ND < 10 ppm
29 Resorcinol 110.11 17.834 0.9999 0.9997 0.52 0.83 ND < 0.5 ppm
30 Glycerol 92.09 10.047 ND < 50 ppm
31 Bronopol 200.01 ND in Calibration range
32 Hexamethylene diamine 116.21 12.136 ND < 25 ppm
33 Toluene -2,4 -diamine 122.17 19.546 0.9995 0.9998 1.06 0.71 ND < 0.5 ppm
Group E 34  Melamine 126.12 ND
Amine 35 Isophorone diamine 170.3 121733‘? ngg gepagri
36 4,4-Methylenedianiline 250.25 22'257%/ NEVV(°O?§aF)k;m
37 2,6-Ditert-butyl-4-methylphenol 220.35 23.666 0.9999 0.9998 0.41 0.61
38 Irganox 1076 531 54.016 0.9993 0.9997 1.28 0.91
Arﬁig’xﬁ‘gaits 39 Irgafos 168 646.93  54.170 0.9994 0.9996 1.11 0.87
Irganox 1330 775.21  67.944 0.9992 0.9989 1.40 1.62
41 Irganox 1010 1177.7 ND
42 Vinyl propionate 100.12 1.934 0.9996 0.9996 0.88 0.88
43 Styrene 104.15 5.985 0.9997 0.9997 0.68 0.74
44  para-Xylene 107.17 5.496 0.9997 0.9996 0.71 0.79
45 Caprolactam 113.16  15.923 0.9998 0.9998 0.65 0.76 ND < 1.0 ppm
46 N-Vinyl-2-pyrrolidinone 114.14 11.848 0.9997 0.9996 0.84 1.00 ND < 0.5 ppm
47 Alpha-Methylstyrene 118.18 8.958 0.9991 0.9990 1.28 1.34
Group G 48 Benzophenone 182.23 25.605 0.9999 0.9997 0.48 0.81
Others 49 Butyl diglycol acetate 204.27  19.947 1.0000 0.9997 0.22 0.71
50 2-Octyl-2H-isothiasol-3-one 213.34  29.992 0.9999 0.9998 0.33 0.62
51 Bisphenol A 228.29 35.983 0.9975 0.9979 2.33 2.16
52 gg;%‘;f\i‘ﬁgm’:am'“o) 32446 49.609 0.9996 0.9999 0.87 0.50
53 BADGE 340.42 46.749 0.9990 0.9980 1.28 1.83
54 Uvitex OB 430.06 58.034 0.9998 0.9999 0.72 0.57
55 Docusate sodium 445.63 37.980 0.9983 0.9987 2.66 2.35 ND < 5 ppm

ND < xx ppm : not detected below the concentrationf xx ppm
ND : not detected
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Figure 5-20. Representative chromatograms of theeside related substances detected by

using GC-FID equipped with DB-1 separation colunfterainjection of 5.0ul of a standard

solution containing 5Qg/ml.
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41, Diethylhexyl
phthalate

42, Triethylene glycol dibenzoatg

43, BADGE

44, 4,4-bis(4-
glycidyloxyphenyl)propane

45, Irgafos 168

46, Irganox 1076

47, Benzoxazole, 2,2"-
(2,5-thiophenediyl)
bis(5-(1,1-dimethylethyl)

48, Irganox 1330
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5.4.3. GC-FID separation on polar DB-FFAP column

For the simultaneous analysis including the hpghar substances, the DB-FFAP column
coated with ‘nitroterephthalic acid modified polygiene glycol’ was tested. The obtained
data are shown in table 5-5.

On the DB-FFAP, the alcohols showed a symetric p&akpe and the sensitivity was
improved related to the DB-1 column. The peakdefalcohols except bronopol and glycerol
were detected up to a calibration standard coratoir of 0.1 pg/ml (propylene glycol, 1,4
butanediol and diethylene glycol) and 0.5 pg/mhyktne glycol and resorcinol) respectively.
Alcohols on the DB-FFAP column showed also gooddrity with a correlation coefficient R
values of 0.9985 ~ 0.9995 and the LOD values wetevden 1.22 and 1.89 ug/ml. Amines
were not retained on the FFAP phase (Table 5-Fande 5-23).

The carboxylic acids listed in table 5-5 also coutd be detected with enough response or
did not show any responses on FFAP phase. In thlgsas of the carboxylic acids, the non-
volatile acids with low vapor-pressure such aspiettealic acid, isophthalic acid, fumaric acid
and maleic acid were not detected at the concéntraf 1000ug/ml. Acrylic acid and Adipic
acid could be analyzed at concentrations highar 8apg/ml, but was not detectable in the
calibration range of 0.1 to 50 pg/ml.

Some plasticizers which are important for the maotuire of adhesives such as diethylene
glycol dibenzoate and triethylene glycol dibenzoatre not detected by the method on the
FFAP column. The antioxidants which have been dedeby the method on DB-1 could not
be analyzed by the FFAP column.



Table 5-5.
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Relative response factor (RRF), LOD emdelation coefficient R values of all of

the RARS analyzed with GC-FID equipped with DB-FFédumn.

Classification  No. Substances MW Corrg[anon LOD Remark
coefficient R (ug/ml)
1 Methyl acrylate 86.09 overlap with solvent peak
2 Ethyl acrylate 100.11 0.9981 1.96
3 Methyl methacrylate 100.11 0.9913 4.04
ig‘r’;gt’; 4 Ethyl methacrylate 114.14 0.9992 1.19
5 Butyl acrylate 128.18 0.9990 1.31
6 Butyl methacrylate 142.19 0.9991 1.21
7 Ethylhexyl acrylate 184.28 0.9996 0.79
8 Di-iso-butyl phthalate 278.35 0.9992 1.37
9 Dibutyl phthalate 278.35 0.9992 1.40
10 Diethylhexyl phthalate 390.56 0.9986 1.84
11 Diethylhexyl adipate 370.57 0.9990 1.40
12 Triacetin 218.20 0.9989 1.51
Group B 13 Phosflex 362 362.44 0.9994 1.10
Plasticizers 14 Diethylene glycol dibenzoate 314.34 - -
15 Triethylene glycol dibenzoate 358.40 - -
16 Dipropylene glycol dibenzoate 342.42 0.9976 2.03
17 Propylene glycol, dibenzoate 284.3 0.9988 1.53
18 232,4—Trimethyl—1,3—pentanediol 354.45 0.9987 1.59
dibenzoate
19 Acrylic acid 72.06 - - Two peaks
20 Fumaric acid 116.07 - -
Group C 21 Maleic acid 116.07 - -
Carboxylic acid 22 Adipic acid 146.14 - - ND < 50 ppm
23 Terephthalic acid 166.13 - -
24 Isophthalic acid 166.13 - -
25 Ethylene glycol 62.06 0.9995 1.33
26 Propylene glycol 76.1 0.9993 1.52
27 1,4-Butanediol 90.12 0.9991 1.52
GroupD 55 piethylene glycol 106.12 0.9992 1.22
Alcohol
29 Resorcinol 110.11 0.9985 1.89
30 Glycerol 92.09 - - ND < 5 ppm
31 Bronopol 200.01 - -
32 Hexamethylene diamine 116.21 - -
33 Toluene -2,4 -diamine 122.17 - -
G/_{?nuigeE 34 Melamine 126.12 - - Not detected in calibrationgan
35 Isophorone diamine 170.3 - -
36 4,4-Methylenedianiline 250.25 - -
37 2,6-Ditert-butyl-4-methylphenol 220.35 0.9999 0.49
38 Irganox 1076 531 - -
Ar:fig;‘i‘gaits 39 Irgafos 168 646.93 ; ;
40 Irganox 1330 775.21 - -
41 Irganox 1010 1177.7 - -
42 Vinyl propionate 100.12 0.9994 1.00
43 Styrene 104.15 0.9999 0.40
44 para-Xylene 107.17 0.9999 0.40
45 Caprolactam 113.16 0.9999 0.33
46 N-Vinyl-2-pyrrolidinone 114.14 0.9998 0.67
47 Alpha-Methylstyrene 118.18 0.9994 1.01
Group G 48 Benzophenone 182.23 0.9999 0.52
Others 49 Butyl diglycol acetate 204.27 0.9999 0.34
50 2-Octyl-2H-isothiasol-3-one 213.34 0.9991 1.25
51 Bisphenol A 228.29 - -
52 4,4'-Bis(diethylamino) benzophenone 324.46 - -
53 BADGE 340.42 - -
54 Uvitex OB 430.06 - -
55 Docusate sodium 445.63 0.9992 1.57

ND < xx ppm : not detected below the concentrationf xx ppm
ND : not detected
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5.4.4. GC-FID relative response factors

In order to validate the semi-quantitative ajgfoby using an universal internal standard,
the relative response factors of the 55 adhesiletere substances were determined by
calibrating in seven different concentrations fr@1 to 50 pg/ml. BHA (3-tert.-butyl-4-
hydroxy-anisole) and Tinuvin 234 (2-(2H-benzotrig2eyl)-4,6-bis(1-methyl-1 phenylethyl)-
phenol) were used as the universal internal stalsdarhe test substances were analysed by
GC-FID equipped with a DB-1 column.

Table 5-6 gives the RRF values of the 55 repretieatadhesvie related substances
compared to BHA and Tinuvin 234. The ideal rang¢hef RRF values related to an internal
standard is usually recognized from 0.8 to [K@zakevich and LoBrutto 2007, Burgard and
Kuznicki 1990] Among the 55 substances, the RRF values of 2&autes via BHA and 13
substances via Tinuvin 234 were included withis tflainge, respectively. All RRF values via
Tinuvin 234 are markedly lower than those via BH#ce Tinuvin 234 was detected with
higher response than BHA using the flame ionizatilmtector (FID).This means that if
Tinuvin 234 will be used for the semi-quantitatie@proach without correction factor,
substances are more underestimated than if BHAad as a internal standard. In other words,
BHA as internal calibration standard permits a mayeservative estimation than the use of
Tinuvin 234.Blanco et al[1992] reported that the RRF values vary related to thesen
internal standards.

The RRF values via BHA and Tinuvin 234 of acrylatenpounds (Group A) ranged from
0.71 to 1.25 and increased with increasing the cutde weight. The responses of triacetin
and dipropylene glycol dibenzoate in plasticizeéesoup B) showed lower response versus
BHA (0.46 and 0.51). The RRF values of other ptastirs were higher (0.75 ~ 1.25).
Especially, the phthalate and adipate type plasisi (0.99 ~ 1.17) showed a good response
related to BHA on the DB-1 column. Except for dipytene glycol dibenzoate (RRF = 0.51),
the RRF values for benzoate type plasticizers Wefg ~ 1.12.

The phenol type (BHT, Irganox 1076 and Irganox 33&@d phosphite type (Irgafos 168)
antioxidants were detected with sufficient responbee RRF values of these substances
varied between 0.89 and 1.34.

As expected, the hydrocarbons (styrene, p-xylerte apha-methylstyrene) and ketones
[benzophenone and 4,4’-Bis(diethylamino) benzophehshowed good response on the DB-
1 column and their RRF values via BHA ranged fra88Go 1.36.
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The RRF values of vinyl propionate, BADGE, docusstdium, carprolactam, 1-vinyl-2-
pyrrolidone, butyl diglycol acetate and Uvitex OBried between 0.43 and 0.94. Especially,
vinyl propionate, BADGE, docusate sodium did naiwshigh responses and the RRF values
varied 0.43 ~ 0.52. Except resorcinol, the alcolI&roup D showed the tailed peak shapes
and therefore lower response or did not show asgamse in calibration range (bronopol).
The RRF values of alcohols ranged from 0.14 t6.0.4

Since the substances containing carboxylic funetiggroups were not detected in the

calibration range, the RRF values could not beutated.
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Table 5-6. Relative response factors obtained fG€aFID equipped with DB-1 column.

Classification No. Substances Formula MW (g/mol) RRF E—
BHA Tinuvin 234
1 Methyl acrylate GHeO, 86.09 0.71 0.59
2 Ethyl acrylate CsHsO, 100.11 0.64 0.51
coun |t . - =
Acrylate 102 :
5 Butyl acrylate C7H1,0, 128.18 0.90 0.73
6 Butyl methacrylate H1.0, 142.19 0.96 0.78
7 Ethylhexyl acrylate GHa200; 184.28 1.25 1.02
8 Diisobutyl phthalate GH220, 278.35 0.99 0.81
9 Dibutyl phthalate GeH2204 278.35 1.00 0.82
10 | Bis(2-ethylhexyl) phthalate £H3604 390.56 1.15 0.95
11 | Diethylhexyl adipate GH,204 370.57 117 0.96
12 i 0.46 0.38
eroup e 13 S—lé(t::;:e::jl(:zit:inyl phophate 5;:403 P 23::5821(4)1 0.81 0.67
Plasticizers 2527 i
14 | Diethylene glycol dibenzoate 1811605 314.34 0.87 0.72
15 | Triethylene glycol dibenzoate 2842206 358.40 0.75 0.62
16 | Dipropylene glycol dibenzoate 2845:05 342.42 0.51 0.42
17 | Propylene glycol, dibenzoate 1#611604 284.3 0.99 0.82
18 | 2,2 4-Trimethyl-1,3-pentanediol dibenzoate 245604 354.45 112 0.92
25 Ethylene glycol €HsO, 62.06 0.20 0.15
26 Propylene glycol H:0, 76.1 0.30 0.22
Group D 27 | 1,4-Butylene glycol $100; 90.12 0.45 0.33
Alcohol 28 Diethylene glycol GH1005 106.12 0.15 0.11
29 Resorcinol CsHgO, 110.11 0.67 0.51
30 Glycerol C3HgOs 92.09 0.14 0.10
31 2-Bromo-2-nitropropane-1,3-diol 38BINO, 200.01 ND ND
32 Hexamethylenediamine 618162 116.21 0.81 0.52
Group E 33 | Toluene 2,4-diamine AN, 122.17 0.65 0.64
Amine 34 1,3,5-Triazine-2,4,6-triamine 386Ns 126.12 ND ND
35 | Isophorone diamine 1§12N 170.3 0.54 0.43
36 | 4,4-Methylenedianiline GH1N, 250.25 0.94 0.75
37 2,6-Di-tert-butyl-4-methylphenol 16240 220.35 1.34 1.11
Group F 38 | Irganox 1076 CasHe20s 531 1.28 1.05
Antioxidants 39 Irgafos 168 CusHesOP 646.93 1.16 0.60
40 | irganox 1330 CoiHrg05 775.21 0.89 0.74
42 | Vinyl propionate GHgO, 100.12 0.52 0.40
43 Styrene CgHg 104.15 131 0.99
44 para-Xylene CgHio 107.17 1.36 1.03
45 | caprolactam CeH1NO 113.16 0.69 0.55
46 | 1-Vinyl-2-pyrrolidinone GHoNO 114.14 0.72 0.56
47 | a-Methylstyrene GHio 118.18 1.35 1.02
Group G 48 | Benzophenone CisH10 182.23 1.25 0.95
Others 49 | Butyl diglycol acetate GH200 204.27 0.70 0.53
50 | 2-Octyl-2H-isothiazol-3-one GH1NOS 213.34 0.82 0.68
s1 Bisphenol A CisH1602 228.29 1.23 0.93
52 | 4,4-Bis(diethylamino) benzophenone 21826N,0 324.46 0.93 0.71
53 | BADGE CotHodOs 340.42 0.43 0.33
54 | uvitex OB CagHaeN,0,8 430.06 0.94 0.71
55 | pocusate sodium £HsNao,s 445.63 0.44 0.36
Group C ] ] ]
Carboxylic acid 19~24 All substances were not detected in calibratioryean
Mean 0.65b

| 0.83 a?

ND : Not detectedl) Means with the same letter are significantly difet ( p<0.05).
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5.4.5. Estimation of molecular weight by retentiortime

Figure 5-24 and 5-25 shows the correlation betwaetecular weight and retention times
analyzed by GC-FID equipped with a DB-1 and a DBXPFeolumn, respectively.

The correlation between the molecular weighswusrthe retention times shows a relatively
good linearity (R = 0.8451, n=44) on the DB-1 column (Figure 5-24% éxpected, the

retention time did not correlate with molecular gfgion the FFAP (Figure 5-25).
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Figure 5-24. Correlation of the retention time wttle molecular weight on GC-FID equipped
with DB-1 column.
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Figure 5-25. Correlation of the retention time witle molecular weight on GC-FID equipped
with DB-FFAP column.
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5.4.6. Characterisation of unknown substances bynlear retention indices

In order to compare the linear retention indicesyiv@ depending on the operating
conditions like carrier gases (He ang) Hemperature programs and different GC instrusjent
three different operating conditions (conditionBAand C, see Appendix 9.6.3) were applied
for the DB-1 column. The linear retention indicelstaoned were compared in order to
evaluate the influence of GC operational conditiongetention indices variation. In addition,
in order to evaluate the retention indices varia@acording to column stationary phase, the
retention indices determined by the condition Dhgsa DB-FFAP column were compared
with those determined by the condition A, B andsthg DB-1 column.

A mixture of n-alkanes (C8 - C20 and C21 — C40xotetd from a chemical supplier was
used as standards to cover the total analysis fithe.55 representative adhesive related
substances were injected into the constituted GCdyktems. Many ghost peaks were eluted
from the mixture of C21 — C40 n-alkanes in theietlutime for C8 — C20 n-alkane mixture.
Therefore, two representative chromatograms (Figw2é A and 5-26 B) of the homologous
series of n-alkanes were presented.

The linear retention indices of each substancendidshow a marked variation between
different instruments (HP Agilent 6890N GC and H¥9® GC) and operational conditions
(condition A ~ C) (Table 5-7). The relative stardlaleviations (% RSD) of the retention
indices calculated from three different analyticahditions for the DB-1 column ranged from
0.0 to 2.4 %. The retention indices of the GC-Ftindition C measured by using a different
instrument (HP 6890 GC) and carrier gag)(ffom the condition A and B (see Table 4-7 in
chapter 4.4), were not significantly different fraime retention indices determined at the
condition A and B using HP Agilent 6890N GC systana Helium carrier gas. This indicates
that the precision of the retention indices ismost substances, quite good independently
from the GC instruments and analysis conditions.

Figure 5-27 and 5-28 show the correlation betwdwnretention indices and molecular
weights or carbon numbers. The correlation betwden molecular weight versus the
retention indices show a good linearity.

The retention indices on DB-FFAP column are alsesented in table 5-7. Figure 5-29
shows a correlation between the molecular weights retention indices of the substances
detected on DB-FFAP column. The stationary phasfisence the retention indicgBeng
2000, Goodner 2008, Ruther 2000d]he retention indices on the DB-FFAP column were
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different from those on the DB-1 column and did aRbow a linear relation with molecular

weights corresponding to the results shown in adrapi.5.
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Figure 5-26. GC-FID chromatograms of n-Alkanes @8.— C20, B : C21-C40).
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Table 5-7.

1. Comparison of retention indices of representatahesive related substances on DB-1 with
different temperature programms and instruments.

2. Comparison of retention indices of representatidhesive related substances on DB-1 and DB-
FFAP.

Molecular 1 1 1 sb? RSD (%) ¥ 1
Classification No Substances g/arﬁ:}; CIOIZ?'B/Tl SODnB E_;l CIOE?'B (-:1 (:Eokns. (:Eokns. s?:n':' AI?P
1 Methyl acrylate 86.09 - - - - - -
2 Ethyl acrylate 100.11 620 620 624 2 0.4 998
3 Methyl methacrylate 100.11 626 626 631 3 0.5 1007
Group A 4 | Ethyl methacrylate 114.14 671 671 677 3 05 1041
acylate
5 Butyl acrylate 128.18 876 878 876 1 0.1 1177
6 Butyl methacrylate 142.19 964 965 963 1 0.1 1227
7 | Ethylhexyl acrylate 184.28 1213 1212 1212 1 0.0 4851
8 Glycerol triacetate 218.2 1311 1307 1305 3 0.2 8420
9 Diisobutyl phthalate 278.35 1818 1820 1826 4 0.2 2552
10 Dibutyl phthalate 278.35 1908 1910 1916 4 0.2 0827
11 Propylene glycol dibenzoate 284.3 2084 2090 2100 8 0.4 3216
12 Diethylene glycol dibenzoate 314.34 2381 2388 0224 11 0.4 -
P‘I:;rs?iuc?zsrs 13 Dipropyllene glycol dibenzoatle 342.42 2397 2406 4162 10 0.4 3242
14 s;g'e‘:l'ggg?:‘hy"l'3'pe”‘a”ed'°' 354.45 2427 2439 2450 12 05 3441
15 Triethylene glycol dibenzoate 358.4 2658 2672 8226 12 0.5 -
16 Phosflex 362 362.44 2366 2366 2371 3 0.1 3347
17 Diehtylhexyl adipate 370.57 2368 2366 2379 7 0.3 2838
18 Diethylhexyl phthalate 390.56 2498 2502 2506 4 20 3178
19 Ethylene glycol 62.06 621 621 620 1 0.1 1629
20 | Propylene glycol 76.1 639 638 641 2 0.2 1593
Group C 21 | 1,4-Butanediol 90.12 918 918 911 4 04 1925
Alcohol 22 | Glycerol 92.09 993 992 951 24 2.4 2324
23 Diethylene glycol 106.12 935 935 930 3 0.3 1979
24 Resorcinol 110.11 1255 1248 1245 5 0.4 3120
25 Hexamethylene diamine 116.21 1061 1064 1066 3 2 0. -
Group D 26 | Toluene -2,4 -diamine 12217 1329 1336 1334 4 30 -
Amines
27 4,4-Methylenedianiline 250.25 2037 2048 2054 9 40 -
28 iggﬁ;]ﬁgﬁg:y"4‘ 22035 1486 1485 1493 4 03 1908
Group E 29 | Irganox 1076 531 3550 3567 3576 13 0.4 -
Antioxidants ™50 ot 168 646.93 3366 3396 3404 20 06 R
31 Irganox 1330 775.21 - - - - - -
32 Vinyl propionate 100.12 615 615 616 1 0.1 954
33 Styrene 104.15 866 869 871 3 0.3 1257
34 para-Xylene 106.17 850 854 855 3 0.3 1133
35 Caprolactam 113.16 1188 1192 1193 3 0.2 2207
36 1-Vinyl-2-pyrrolidinone 114.14 1049 1052 1056 4 0.3 1764
37 a-Methylstyrene 118.18 960 962 964 2 0.2 1329
Group E 38 Benzophenone 182.23 1571 1574 1587 9 0.5 2494
Others 39 2-Octyl-2H-isothiasol-3-one 213.34 1775 1778 a78 7 0.4 2761
40 Butyl diglycol acetate 204.27 1335 1332 1332 2 10 1853
41 Bisphenol A 228.29 2092 2097 2107 8 0.4 -
42 ﬁ'e‘:;'ziipsgﬁgmamim) 324.46 3012 3029 3041 15 05 -
43 BADGE 340.42 2791 2805 2816 13 0.4 -
44 Uvitex OB 430.06 3758 3796 3818 30 0.8 -
45 Docusate sodium 445.63 2208 2207 2209 1 0.0 2622

1)  GC-FID condition / colum (see Annex 9.6.:
2) Standard deviation of the retention indices deteethiby GC-FID condition A, B and C
3) Relative standard deviation of the retention inslidetermined by GC-FID condition A, B and C
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Figure 5-27. Correlation of the retention indiceghwthe molecular weight on GC-FID
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5.5. Statistical data analysis of relative respondactor (RRF) values

5.5.1. Normality test for HPLC-CAD analysis data

There was no significant difference between the G&Eponse factors determined by the
two different mobile phase compositions (Table 5&ihce the Gradient condition B showed
better peak resolution than gradient condition B¢ RRF data determined by Gradient
condition B was used to establish the distributiamge of RRF values at 95% coverage level
for the semi-quantitative approach. Diethylhexythathate, diethylhexyl adipate, dipropylene
glycol dibenzoate and propylene glycol dibenzoaterewexcluded, because the relative
response factors (RRF) of these substances wereonstant in the calibration range. Thus,
total 24 substances from 67 substances were takehéd statistical analysis. The RRF values
of the 24 substances were in fact not approximatelynal in mobile phase composition B
(Figure 5-30). However, normality of the data iprarequisite to estimate the distribution
range and therefore the RRF values of 24 substastomsld show a normal distribution.
Therefore, the data were transformed into an apmrabely normal distribution by using Box-
Cox transformatioriBox and Cox 1964]The optimal Box-Cox parametgrvalue was zero,
therefore the natural log (Equation 14 in chaptérl4 was taken for transforming the RRF
values. The log-transformed response variables hef RRF values showed a normal
distribution with a mean value of -0.14 and staddaeviation of 0.64 (Figure 5-31). These
values can be back-calculated to estimate the meaehres and standard deviations of the
original variables (chapter 5.5.2). The frequendstribution of the tranformed response

variable of RRF values showed a normal distribusiirr Box-Cox transformation.
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Figure 5-30. Normality test of RRF valubsfore Box- Figure 5-31. Normality test of RRF valuafter Box-
Cox transformation (Gradient B). Cox transformation (Gradient B).

5.5.2. Distribution range estimation of HPLC-CAD aralysis data

Since the sample size (N) is relatively small (N3®), the distribution range at 95 %
coverage level was estimated by Student’s t-digion. The t-variables of Student’s t-
distribution with degree of freedom according tonpé&e size and P=95% were obtained from
the t-TabldGottwald 1999]

The transformed response variables of the RRF saluere in the range from -0.45
(Bisphenol A) to 0.89 (Irganox 1330 and Irganox b&ba mean (x standard deviation) of —
0.14 + 0.64. The distribution range at 95 % coveriagel was between —1.46 and 1.18. Thus
backcalculated distribution range of RRF values adf adhesive related substances
(population) was estimated between 0.23 and 3.25.a-conservative estimation of the
concentration when using Tinuvin 234 as universtdrnal calibration standard for HPLC-
CAD a RRF of 0.23 should be used. According todhaénition of RRF in chapter 3.2, the

concentration of unknown substances can be singitylated as follows.

known
C, ko = Cis X Area : Calculation using RRF
Area, x RRF

Area "™ : peak area of known analyte

Areg, : peak area of the Internal standard

C.*"": concentration of known analyte

Cic : concentration of the Internal standard

RRF : average relative response factor of known anafytifined calibration range
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unknown

- xAeas : Estimation using factor 0.23
Areaisunlversal x RRF statistic (023)

universal
Cis

unknown —
Cs =

Area ™™ : peak area of unknown analyte

Area. "= : peak area of the Universal internal standard

C."™™": concentration of unknown analyte

Ci"™* : concentration of the Universal internal standard

RRF S - statistical relative response factor obtainedrfrie response factor distribution of 24
substances

5.5.3. Normality test for GC-FID analysis data

The relative response factors (RRF) related to Bt$Anternal standard could be calculated
for total 46 substances from the 55 representatidiesive related substances. For the
statistical evaluation, the RRF values were dividedlasses of 0.2 units in order to obtain
relative frequency distributions. According to Rgan-Joiner test for normality Minitab 15
[Minitab version 15 2007]the frequency distribution of RRF values of 46stances showed
a normal distribution (Figure 5-32) with a meanueabf 0.83 and a standard deviation of 0.33.

As stated above, four alcohols (ethylene glycofi-dytanediol, diethylene glycol and
glycerol) showed tailed peak shapes on the DB-lironland therefore very low sensitivity.
So that the RRF values were not constant in thbrasibn range. This indicates that the DB-
1 column was not appropriate for the quantificamdisome alcohols using RRF values, same
for carboxylic acids. Therefore, the RRF valuesfair alcohols should be excluded to
establish the distribution range.

The frequency distribution of 42 substances withtbatfour alcohols showed also a normal

distribution with a mean value of 0.88 and a stasdizviation of 0.29 (Figure 5-33).

Without four lcohols
1 Men=088
SdDev. =029
N=42

02 04 06 08 10 12 14

N

-

Frequency
(o2}

Frequency
iy

N

Figure 5-32. Frequency distribution of relativ&igure 5-33. Frequency distribution of relative
response factors (RRF) of 46 substances. response factors of 42 substances without alcohols.
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5.5.4. Distribution range estimation of GC-FID anaysis data

The RRF values related to the response of BHA rcriggween 0.14 (glycerol) and 1.36
(para-Xylene) at a mean (+ standard deviation).88 & 0.33. This means a concentration of
1 pg/ml corresponds to BHA-equivalent concentrabetween 0.14 pg/ml and 1.36 pg/ml.
Since the number of the calculated RRF values was than 30, the distribution range of the
RRF values at 95% coverage level was calculatedrditg to the equation 15 in chapter
4.5.2, The distribution of RRF values ranged frodB8o 1.48.

The RRF values without the four alcohols (ethylagtgcol, 1,4-butanediol, diethylene
glycol and glycerol) were between 0.30 (propylehea@) and 1.36 (para-Xylene) at a mean
0.88 £ 0.29. the distribution range of the RRF ealwas between 0.31 and 1.44. Thus for a
conservative estimation of the concentration ofstaiices by using BHA as universal internal

calibration standard a RRF of 0.31 should be used.

K C. universal x Area unknown . . .
Cg o = is_ s . Estimation using factor 0.31
Areaisunlversal x RRF statistic (0.31)
Area "™ - peak area of unknown analyte

Areg, invers . peak area of the Universal internal standard

C"™™: concentration of unknown analyte

Ci.""= : concentration of the Universal internal standard

RRF s21s¢ - statistical relative response factor obtainednfrihe response factor distribution of 46

substances
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5.6. Practical application of the multi-screening rathods

5.6.1. HPLC-CAD analysis data of extracts from adhgves and glued samples and of

migration solutions

Six different pure water-based adhesive samiMé& 1 ~ 5 and PVAC) listed in table 4-8
in chapter 4.7.1 were extracted with dichlorometh@DdCM) and the extracts were analyzed
by the developed multi-screening method using tReE+CAD system equipped with a C18
column. A clean-up procedure using size exclusiommatography (SEC) was carried out
prior to injection, since the nebulizer in CAD atigk separation column could be clogged
with the sticky polymers used as a binder in thkead/es. Finally, for HPLC analysis, the
extracts were prepared in methanol. The non-velatimpounds greater than 1000 g/mol in
the extracts were excluded through SEC clean-up. ddmpounds smaller than 300 g/mol
could not be detected by CAD (see chapter 5.2.husTthe detectable range of the
compounds by CAD was 300 to 1000 g/mol.

Benzoate type plasticizers (Diethylene glycol dimsate, Dipropylene glycol dibenzoate
and Triethylene glycol dibenzoate) were identifiad2 out of the 6 water-based adhesives
(Table 5-8). Figure 5-34 and 5-35 show the chrograims obtained from these sample
extracts. Other non-volatiles were not found usthg HPLC-CAD screening method.
Diethylene glycol dibenzoate and triethylene glyditlenzoate were observed in VAE 3 pure
adhesive by GC-FID analysis (Figure 5-42 and Figua8). However, these substances were
eluted at the same retention time in HPLC-CAD asial{figure 5-34).

Migration experiments were performed using Tenagadntact with six different composite
samples (VAE 1-C ~ 5-C and PVAc-C) bonded with¢bheresponding water-based adhesives
(VAE 1 ~ 5 and PVACc) (Table 4-9 in chapter 4.7.lh).this case a clean-up procedure for
HPLC-CAD analysis was not necessary. The chromatograre presented in figure 5-36 ~ 5-
39. The three dibenzoate type plasticizers weratiiikd as main substances in the Tenax
migration solutions of VAE 3-C and 5-C compositenp#es. In addition, some unknown
peaks were found in the samples of VAE 1-C (RT@agad 37.5 min), 3-C (RT at 37.5 min)
and 4-C (RT at 37.5 min) (Table 5-8). The unknoveaks can be allocated to compounds
migrated from paper and cardboard used as sulstoatéhe composite samples.
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Table 5-8. List of the main components in six padéesive and composite samples identified
by HPLC-CAD screening test.

Pure adhesives’ Identified main compounds Composited Identified main compounds
VAE 1 - VAE 1-C Unknown substance
VAE 2 R VAE 2-C
Diethylene glycol dibenzoate Diethylene glycol dibenzoate

Dipropylene glycol dibenzoate

VAE 3 VAE 3-C Dipropylene glycol dibenzoate

Triethylene glycol dibenzoate

Triethylene glycol dibenzoate
Unknown substance

VAE 4 - VAE 4-C Unknown substance
VAE 5 Diethylene glycol dibenzoate VAE 5-C Diethyleneaiydibenzoate

Dipropylene glycol dibenzoate Dipropylene glycdiehzoate
PVAc - PVAc-C

D VAE 1 ~ 5 : Pure adhesives based on Vinyl acetiigene, PVAc : Pure adhesives based on Polyvicsiaie
2 VAE 1-C ~ 5-C and PVAc-C : Composites bonded wiith pure adhesives VAE 1 ~ 5 and PVAc
(e.g. VAE 1-C composite sample was bonded WAE 1 pure adhesive)

Corona
600 v

500 o

400 -

IS_Tinuvin 234

300

200 o

100

-100 -

-200

min
-300 T T T T T T T T T T T
0 5¢ 100 150 200 250 300 350 400 450 500 550 600

Figure 5-34. HPLC-CAD chromatogram of DCM extraat®/AE 3 adhesive.
1 : Diethylene glycol dibenzoate and Triethylengcgl dibaenzoate
2 : Dipropylene glycol dibenzoate, 3 : Isomeredéend Peak
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Figure 5-35. HPLC-CAD chromatogram of DCM extraat®/AE 5 adhesive.
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Figure 5-36. HPLC-CAD chromatogram of Tenax migsaoftVAE 1-C sample.
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Figure 5-37. HPLC-CAD chromatogra
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Figure 5-38. HPLC-CAD chromatogra
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nnnnnn

IS_Tinuvin 23«

Figure 5-39. HPLC-CAD chromatogram of Tenax migsawnitVAE 5-C sample.
1 : Diethylene glycol dibenzoate 2 : Dipropylengcgl dibenzoate, 3 : Isomer of second Peak

5.6.2. GC-FID analysis data of extracts and migrambn solutions

The same adhesive samples (VAE 1 ~ 5 and PVAxgwanalyzed by GC-FID equipped
with the DB-1 non-polar column. Figure 5-40 ~ 5<tow the examples of chromatograms
obtained from the GC-FID screening test of the ldidmethane extractions. The identified
substances are summarized in table 5-9.

The migration experiments using Tenax as a simslwere performed with the composite
samples (VAE 1-C ~ 5-C and PVAc-C) each bonded witl of the adhesives. Figure 5-46 ~
5-51 show the GC-FID chromatograms. The main componentie extraction test were
found likewise in this migration test. However, Beit acid ethylester and Benzoic acid
ethylmethylester were not detected in the migrasiolution of VAE 5-C composite sample.



Table 5-9. List of the main components in
GC-FID screening test.
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six adleeand composite samples identified by

Pure adhesives’ Identified main compounds Composite$ Identified main compounds
VAE 1 Triacetin VAE 1-C Triacetin
VAE 2 Butyl diglycol acetate VAE 2-C Butyl diglycol acetate
Diethylene glycol dibenzoate Diethylene glycol dibenzoate
VAE 3 Dipropylene glycol dibenzoate VAE 3-C Dipropylene glycol dibenzoate
Triethylene glycol dibenzoate Triethylene glycol dibenzoate
VAE 4 Triacetin VAE 4-C Triacetin
Diethylene glycol dibenzoate Diethylene glycol dibenzoate
VAE 5 Dipropyler_1e gI-ycoI dibenzoate VAE 5.C Dipropylene glycol dibenzoate
Benzoic acid ethylester -
Benzoic acid ethylmethylester -
PVAc Triacetin PVAc-C Triacetin

D VAE 1 ~ 5 : Pure adhesives based on Vinyl acetigene, PVAc : Pure adhesives based on Polyviogiaie
2 VAE 1-C ~ 5-C and PVAc-C : Composites bonded wlita pure adhesives VAE 1 ~ 5 and PVAc
(e.g. VAE 1-C composite sample was bonded WAE 1 pure adhesive)

MinAr = 10,000
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Figure 5-40. GC-FID chromatogram of DCM extract¥8E 1 adhesive.
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41. GC-FID chromatogram of DCM extract¥é&E 2 adhesive.
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Figure 5-
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43. GC-FID chromatogram of DCM extract¥éE 4 adhesive.
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GC-FID chromatogram of DCM extract¥@éiE 5 adhesive.
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Figure 5-45. GC-FID chromatogram of DCM extract®dfAc 1 adhesive.
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Figure 5-46. GC-FID chromatogram of the migranésferred from the composite samples
bonded withVAE 1 adhesive into Tenax.




5. Results 107
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Figure 5-47. GC-FID chromatogram of the migrangmsferred from the composite samples
bonded withVAE 2 adhesive into Tenax.

IS_BHA 1S_Tinuvin 234

Diethylene glycol dibenzoate

Triethylene glycol dibenzoate

Dipropyleng glycol dibenzoate

ol okl A

min
T T T T T T T T T T T
o, 50 100 150 200 250 300 350 00 450 500 550 600 650 700 730

Figure 5-48. GC-FID chromatogram of the migrarass$ferred from the composite samples
bonded withVAE 3 adhesive into Tenax.
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Figure 5-49. GC-FID chromatogram of the migrarassferred from the composite samples
bonded withVAE 4 adhesive into Tenax.
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Figure 5-50. GC-FID chromatogram of the migranésferred from the composite samples
bonded withVAE 5 adhesive into Tenax.
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Figure 5-51. GC-FID chromatogram of the migrangmsferred from the composite samples
bonded withPVAc adhesive into Tenax.

5.6.3. Semi-quantification of adhesive related sutdnces

Using the extracts and migration solutions & €hreal samples, traditional quantification
using calibration curves of standard substances eeaspared to the semi-quantitative
estimates (conservative estimations) using thasstal RRF value. Table 5-10 and 5-11
show the comparison results between the conseevatigtimation and traditional
quantification of the identified substances in &xtracts and migration solutions of the pure
adhesive samples and their composites. Additionddly concentrations of the identified
substances were calculated by using the real RR&nalol from the calibration experiments
of each identified substance and compared withrabentitative results.

The distribution range of the RRF values was betw®81 and 1.44 in the GC-FID analysis.
For a conservative estimation of the concentratiomn RRF of 0.31 was applied. These
conservative estimations using the lower limit bé tdistribution range overestimate the
quantitative results in a range of 129 to 305 %heextraction test and of 130 to 305 % in the
migration test.

Without correction factor (RRF = 1) the concentmatiwould be underestimated. The

traditional quantification results were also congaawith the estimation results using a RRF



5. Results 110

value of specific substance (substance specific BR&fnation in Table 5-10 ~ 5-12). The
values obtained from migration and extraction testresponded well with those of the

traditional quantifition in the range of 79 to 1@0in both extraction and migration tests.

Table 5-10. Comparison of the GC-FID quantitatigsults of the identified substances in the

adhesive extracts.

» Sem- o Substance o
Traditional . Approximation . Approximation
o quantitative . specific RRF )
Sample? Substances RRF quantitation o ratio A 2 o ratio B ¥
estimation estimation
(Hg/ml) (%) (%)
(Hg/ml) (Hg/ml)
VAE1 | Triacetin 0.46 943 1341 142 904 926
VAE 2 | Butyl diglycol acetate 0.70 670 1567 234 694 104
Diethylene glycol dibenzoate 0.87 1208 3648 302 0130 108
VAE3 | Dipropylene glycol dibenzoat¢  0.51 381 492 129 299 79
Triethylene glycol dibenzoate] 0.75 237 572 242 237 100
VAE4 | Triacetin 0.46 600 847 141 570 95
VAE 5 Diethylene glycol dibenzoate 0.87 522 1589 305 566 109
Dipropylene glycol dibenzoate  0.51 157 206 131 125 80
PVAc Triacetin 0.46 1070 1507 141 1061 95

DVAE 1 ~ 5 : Pure adhesives based on Vinyl acetimgdene, PVAc : Pure adhesives based on Polyvicglade
2 Approximation ratio of the semi-quantitative esttion to the traditional quantitation.
% Approximation ratio of the substance specific RRifeation to the traditional quantitation.

Table 5-11. Comparison of the GC-FID quantitatigsults of the identified substances in the

migration solutions.

» Semi- o Substance o
Traditional o Approximation i Approximation
. o quantitative . 2 specific RRF . 3
Sample? Substances RRF | quantitation o ratio A ? o ratio B ¥
(ug/m) estimation ) estimation )
Hg/m 0 0
(Hg/mli) (Hg/mli)
VAE 1-C | Triacetin 0.46 20.8 29.6 143 20.0 96
VAE 2-C | Butyl diglycol acetate 0.70 1.5 35 238 15 105
Diethylene glycol dibenzoate 0.87 38.5 117.2 305 .841 109
VAE 3-C Dipropylene glycol dibenzoate 0.51 41.5 53.7 130 .632 79
Triethylene glycol dibenzoate 0.75 24.6 59.4 242 524 100
VAE 4-C | Triacetin 0.46 201 282.4 140 190.3 95
VAE 5-C Diethylene glycol dibenzoate 0.87 21.8 66.4 305 723. 109
Dipropylene glycol dibenzoate 0.51 14.7 19.2 131 711 80
PVAC-C | Triacetin 0.46 4.8 7.0 145 4.7 98

DVAE 1-C ~ 5-C and PVAc-C : Composites bonded wiith pure adhesives VAE 1 ~ 5 and PVAc

(e.g. VAE 1-C composite sample was bonded WAE 1 pure adhesive)
2 Approximation ratio of the semi-quantitative esdtion to the traditional quantitation.
% Approximation ratio of the substance specific RRifeation to the traditional quantitation.

Semi- and traditional quantitative results deteediby HPLC-CAD are given in table 5-12.
Diethylene glycol dibenzoate and triethylene glyebbenzoate were eluted with same

retention time. Therefore a quantitative analysas wot possible.
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The distribution range of the RRF values was betw@23 and 3.25 in the HPLC-CAD
analysis. Thus the lower limit is 0.23 for a conséive estimation of the concentration of the
identified substances.

The conservative estimation values of the idemtifsubstances were approximated to
traditional values in the range from 102 to 219%he extraction test of the pure adhesive
samples and from 86 to 216 % in the migration oéshe composite samples, respectively.
The traditional quantitation results were compawgth those of the estimation using the
analytically obtained RRF values. The estimatiolues corresponded well with those of the
traditional quantitation in the range of 73 to P@71n the extraction test and of 62 to 105 % in
the migration test.

Table 5-12. Comparison of the quantitative resajt$iPLC-CAD.

N Semi- o Substance o
Traditional o Approximation . Approximation
Sample o quantitative ) 2 specific RRF ) 3
. Substances RRF | quantitation o ratio A ? o ratio B ¥
) estimation estimation
(hg/ml) (%) (%)
(hg/ml) (ng/ml)
Extraction Test
Diethylene glycol dibenzoate 0.47 -
VAE 3 | Dipropylene glycol dibenzoate 0.32 4948 516.0 104 370.8 75
Triethylene glycol dibenzoate 0.58
VAE 5 Diethylene glycol dibenzoate 0.47 327.6 717.0 219 50.8 107
Dipropylene glycol dibenzoate 0.25 278.6 284.6 102 204.6 73
Migration Test
VAE 3-C Diethylene glycol dibenzoate 0.47
Dipropylene glycol dibenzoate 0.32 119.0 120.5 101 86.6 73
Triethylene glycol dibenzoate 0.58
VAE 5-C | Diethylene glycol dibenzoate 0.47 31.9 68.8 216 733. 105
Dipropylene glycol dibenzoate 0.32 29.3 28.0 86 120. 62

DVAE 1 ~ 5 : Pure adhesives based on Vinyl acetimdene, PVAc : Pure adhesives based on Polyvicglate

VAE 1-C ~ 5-C and PVAc-C : Composites bondedwlite pure adhesives VAE 1 ~ 5 and PVAc

(e.g. VAE 1-C composite sample was bonded WAE 1 pure adhesive)
2 Approximation ratio of the semi-quantitative esdtion to the traditional quantitation.
% Approximation ratio of the substance specific RRffneation to the traditional quantitation.
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6. Discussion

6.1. Development of screening methods by using HPECAD system

6.1.1. HPLC-CAD analysis data

Many analytical separations for the non-volatitenpounds in food packaging materials
have been carried out by means of reverse phaseCHyktem (RP-HPLC). In order to
optimize the chromatographic separation condititve, selection of suitable mobile phase
composition and stationary phase is very important.

The retention of non-polar/non-ionic compounds be 18 columns increases with
increasing the hydrophobicity (or increasing alkylain length) of the column stationary
phase. In addition, the retention of high polar poomds can be achieved by adjusting the pH
value of mobile phase, since the high polar comgdseuwto not retain on C18 columns. For
these reason, C18 phase among the RP columns ééywisled for analytical separations of
most compounds including polar ones. In this stutlg, non-polar/non-ionic compounds
showed suitable retention on the C18 column withbetpH adjustment of the mobile phase.
However, the high polarity substance groups suchaasoxylic acids, amines and alcohols
did not show retention. As described above, forrdtention of these substance groups the
mobile phase composition with adjusted pH will beeded. However, this adjustment of
mobile phase composition brings the contradictagbjem that the retention of non-polar
substances may be prolonged too miidue et al. 2006]

Organic modifiers in water or aqueous buffer soli are usually used as the mobile
phases for RP-HPLC system. Acetonitrile and methare@most preferable organic solvents
as organic modifiers. The use of acetonitrile i@ thobile phase composition provides more
symmetrical peak shapes and lower column backpressm comparison with methanol
because of its lower viscosifitromidas 2005] In addition, acetonitrile gives rise to lower
baseline-noise on CAD than other organic modiffersRP-HPLC analysi$Moreau 2006]
and thus the CAD sensitivity would be improved bgcrkasing the baseline-noise level.
Acetonitrile cannot give sufficient selectivity fahe separation of non-polar/non-ionic
compounds. For this reason, a gradient elutionguadequate aqueous proposition in mobile
phase composition can provide more improved seigcti Since isocratic elution is
impossible for the separation of the test subswaméth various physico-chemical properties

in one chromatographic run, gradient elutions cosegowith acetonitrile and water were
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tested in this study. The gradient elution chromegphy is a powerful tool for chemical
analysis due to its broad range of retentivity,hhpeak capacity, high resolving power and
short operation cyclfAnita and Horvath 1989, Truei et al. 1992 this study, the higher
organic content in mobile phase (gradient condidmesulted in a decrease of resolution of
the substances that have a relatively high poldFRtgure 5-2). On the contrary, the use of
higher aqueous mobile phase composition (gradiemtliion B) was suitable and useful for
separating most of the test substances except ddr and ionic compounds such as
carboxylic acids and docusate sodium (Figure 5-3).

Volatile substances cannot be detected by a chargexsol detector (CAD). In this study
volatile or semi-volatile substances with the malacweight below 300 g/mol and the vapor
pressure above 18 Pa were not detected by the CAD. This is in agezenwith the finding
of McCarthy et al[2005], who reported that the responses of the volatitk semi-volatile
compounds were poor or there was no response ah &lAD. They explained the reason of
this result by the evaporation step in the CAD.this step a significant portion of the
compound is evaporated prior to detection. Althotigis is a limitation of the CAD, the
volatile or semi-volatile substances can be deteeed quantified with complementary
techniques, such as GC-FID or GC-MS.

In order to evaluate the sensitivity of the CAD wbetn two gradient conditions with
different water contents (gradient condition A @y LOD (signal to noise ratio of 3:1)
values were determined according to the GermardatenDIN 32645 DIN 32645 1994].
The response of CAD depends on the organic commtentobile phase composition, with
higher response observed at higher organic cor@mtmache et al. 2005As discussed
above, the use of acetonitrile in mobile phase amiipon can reduce the baseline-noise on
CAD. However, the CAD baseline-noise would be iasexl with increasing water content in
the mobile phase composition, since water gives tes higher baseline-noise on CAD
[Moreau 2006] According toGérecki et al[2006], the peak areas at 90% acetonitrile were
nearly five times greater than at 10% acetonitlemparing the sensitivity (or LOD) of the
CAD under two mobile phase conditions it was conéd that the sensitivity of the CAD is
somewhat influenced by water content in mobile phasmpositions. However, the LOD
values of the individual substances under two neophase compositions were distributed
within similar range. The CAD under the gradienhdition B (40 — 0 % water in 50 min)
was able to attain LOD values in the range from 9% ng injected on the column. This is in
good accord with the minimum LOD value range regirby the manufacturer of CAD

instrument, with low ng limits of detectigg@SA Inc online]
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The correlation coefficient) is commonly used to evaluate the linear corretabetween
two variables and a calibration curve witkr 0.995 is usually considered to be lindan
Loco et al. 2002]As discussed in chapter 3.2, the linearity of ¢hBbration curve is very
important for the semi-quantitative approach ofumknown analyte. The linear calibration
curve means the constancy of response factors dalibration range and the average of
response factors in a calibration range can be tesedlculate the correct concentration of a
known analyte. Some researchers have been repthitedonlinearity of calibration curve
plotted by CAD responsgNair and Werling 2009, Vervoort et al. 2008j. this study, most
calibration curves using an internal standard (Vimw234) under the gradient condition B
showed linear correlation with> 0.995. However, some plasticizers (Diethylhexythalhate,
diethylhexyl adipate, dipropylene glycol dibenzoatel propylene glycol dibenzoate) showed
a quadratic slope (see chapter 9.1.1). This melaais these substances did not show a
consistent response within the calibration range.

Many commonly used additives, e.g. Irganox PS 800 &S 802, do not have a
chromophorous group in their molecular structures therefore cannot be detected by an UV
detector[Arpino et al. 1990] The universality of detection independent of ptyshemical
properties of the analytes is the most distinctisigantage of CAD and it could be verified by
the analysis of Irganox PS 800. The universalit¢ 8D has been already confirmed by many
researchers. Although poly(ethylene glycphakahashi et al2008] and free fatty acids
(Linolenic, linoleic, palmitic, oleic, stearigNair and Werling 2009have noUV- active
structures, the substances could be detected byWwiklhigh sensitivity.

In conclusion, the reversed phase HPLC separatombmed with CAD is powerful tool
for the screening of the non-volatile adhesive teelamigrants, with sufficient separation

efficiency, sensitivity and linearty.

6.1.2. HPLC-CAD relative response factors

The relative response factor (RRF) of 1 defines #munknown substance and internal
standard at identical concentrations have the samagytical responses. Therefore, the RRF
values between 0.8 and 1.2 can be generally revedras an ideal rang&azakevich and
LoBrutto 2007, Burgard and Kuznicki 1990f an unknown substance has an RRF value out
of this range, the concentration of the unknownstarmce would be overestimated or

underestimated. The response of CAD can not belgimferpreted. That is, it could be
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multiply affected by some parameters such as timteod of organic solvent in the mobile
phase and the molecular weight and volatility (vgmessure) of substances.

According to the general theory of the chargaws® detector (CAD), a lower sensitivity
would be expected, when a substance is eluted laatler organic solvent content, since a
decrease of the organic content in the mobile phasds to a decrease in the transport
efficiency of the nebulizejGérecki et al. 2006]Several studies comparing CAD with other
detectors such as UV, MS and ELSD and practicaliggiwns of CAD have been reported
[Brunelli et al. 2007, Gamache et al. 2005, Forsaid Snow 2007, Cascone et al. 2006, Sun
et al. 2008, Lisa et al. 2007, Schdnherr et al920@kahashi et al. 2008, Pistorino and Pfeifer
2008, McCarthy et al, 2005]The majority of these publications reported thia CAD
response increases with increasing the organi@sbbontent in the mobile phase. However,
in these studies, the molecular weights and vapesspires of most test substances used for
the experiments were smaller than 400 g/mol andtgrehan 10° Pa level respectively.
Therefore, the CAD response properties for the tamoss with a molecular weight higher
than 400 g/mol were not broadely interpreted irs¢hgtudies.

CAD provided nearly consistent and universal respai® most non-volatile and/or semi-
volatile compounds irrespective of chemical streetin an isocratic analysis according to
Sun et al. [2008]but in a gradient analysis the response was dieperon the mobile phase
compositiong[Brunelli et al. 2007, Gamache et al. 2005, Gorestkal. 2006] That is, the
response increases with increasing the ratio o&rocgsolvent in the mobile phasAs
mentioned in chapter 5.2.1, although the limit efedtion (LOD) values of the substances
detected were somewhat influenced by the conteatgznic solvent in mobile phase, on the
whole, there was statistically no significant diffiace between the CAD relative responses of
the test substances obtained from two differentilag@hase compositions (Table 5-2).

The RRF (w/w) values of the substances with a nubddecweight higher than 400 g/mol
were extremely variable from 0.83 to 2.44 in thadijnt condition B. Especially, the
substances which eluted with 100 % organic mokhkesp during separation run-time such as
Irganox 1330, Irganox 565, Irganox PS 800, Irgad®x6 and Irgafos 168 showed very
higher responses than other substances with malewdight above 400 g/mol and/or low
vapor pressure less than T0Pa. The RRF (w/w) values of these substances fr@re1.82
to 2.61 in the gradient condition A and from 2.@ 2.44 in the gradient condition B,
respectively. This could not be clearly interprebsdthe difference of the organic content in
the mobile phase composition, because Tinuvin 82ffanox 626 and Irganox 1010 were

likewise eluted with 100 % organic solvent in thedjent condition B and showed lower
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RRF (w/w) values in the gradient condition A thangradient condition B. In spite of high
molecular weight and low vapor pressure, Irgano8013rganox 1010 and Ultranox 626
showed poorer responses in gradient condition A thagradient condition B with lower
organic content and the difference between thewas significant. A reason could not be
rationalized by the general detection principleC#D. According to the principle of CAD,
non-volatile particles formed in drying tube areaxed by ionized nitrogen and finally
detected by a sensitive electrometer. Here, theninalg of CAD response depends on the
size of the analyte particles charged by ionizedogen and the maximum response per
particle mass could be achieved at particle diamratege of 10 ~ 32 nifbixon and Peterson
2002] For the reason, the response factors of the sutesatetected on CAD would be
mainly influenced by the size of the formed paeticin this process. However, the particle
formation process according to the physico-chenpoaperties of the substances has not been
clarified yet. Therefore, we could not find the sea why the RRF values of the substances
detected on CAD were highly variable. And also, BRIeF values did not show a linear
correlation with molecular weights of the detecsetbstances in this study (Figure 5-6 and 5-
8). Gamache et al. [2005have determined the response factors of 735 phaurtiaal
compounds with the molecular range from 168 to §8#%ol and with a wide range of
chemical structures using CAD. As the results efrtetudy, the response factors were highly
variable with more than 50 % RSD (relative standbedation).

In order to correct the differences in CAD respomsethe substances, relative molar
response factors (RRF mol/mol) can be also used a®rrection factor. For reasons
mentioned above, the relative molar response fac{®&RF mol/mol) of the detected
substances did not show a linear correlation wittecular weights (Figure 5-7 and 5-9).

When plotting the ratio of areas of some test sutrss to internal standard (Tinuvin 234)
versus the concentrations of the substances (DEEHHMA, DPGDB and propylene glycol
dibenzoate) with molecular weights smaller than 40fol, the calibration curves did not
show a linear correlation (see chapter 9.1.1) aedcalibration line did not pass through the
origin of the x and y-axis. This means that the RBkies of the substances are not consistent
at the calibration concentration range from 0.1ndd6 50 pg/ml. Therefore, the RRF values
(w/w) of four substances in the calibration rangarot be used to establish the distribution
range. Additionally, the sensitivities of these siances were lower than other substances
with a molecular weights of more than 400 g/molcdin be therefore concluded that the
responses of the test substances on CAD were wdyiimfluenced by the molecular weights

and/or volatilities of the substances.
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In conclusion, the RRF values of the test substamgere highly variable. However, the
reason could not be clearly demonstrated, sinceptréicle formation process in CAD
depending on the physico-chemical properties ofkthestances is not clear yet. Nevertheless,
HPLC-CAD combination showed sufficient sensitivapd consistent response in a defined
calibration range for the substances with molecwiaight of more than 400 g/mol or vapor
pressure smaller than I®Pa independent of mobile phase composition. Thezet HPLC-
CAD system equipped with a C18 column can be a powanalytical tool and the RRF
values determined by this technique can be usethéosemi-quantitative approach of non-
volatile unknown substances migrated from food pgoky materials containing adhesive

layers.
6.1.3. SEGHPLC-CAD two-dimensional separation

As discussed in chapter 3.3.5, the conventionatdimensional chromatography using one
separation column and isocratic or gradient elutimes not provide sufficient separation
efficiency for the complex mixtures. Online two-dinsional separation technique is very
useful to improve the separation efficiency. Irsteiudy, a SECxNP-HPLC system combined
with an universal detector, charged aerosol detd@8D), was investigated to improve the
peak capacity and resolution.

According to the suppligPhenomenex technical notes 200 swelling volume of the
packing materials (S-DVB gels) in dichloromethase60 %, but 30 % in n-hexane. In
contrary, the dichloromethane : n-heptane mobilesphmixtures showed symmetrical peak
shape with narrow peak width (Figure 5-12). It ntigh concluded that the packing material
in SEC column has similar swelling volume in n-tzgm@ as in dichloromethane. The swelling
of packing materials (S-DVB gels) influences thalpshape. Some authdStuurman and
Kohler 1987, Bowers and Pedigo 198&b6iggested that the peak shape could be improwed du
to increasing of the swelling volume of packing ematl (S-DVB gels) in columns by the
presence of THF (70 — 80 % swelling volumig)s et al.[1999] have demonstrated that the
swelling of packing material by THF contributes reduction of sample peak width and
tailing. Table 6-1 shows the swelling characterstnf S-DVB gels packed in nonagueous

SEC column for several organic solvents.
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Table 6-1. Swell volume of the packing materialsSEEC column depending on the organic

solvents[Phenomenex technical notes 2000]

Swell volume (%)

Organic solvents

30 Acetonitrile, Cyclohexan@-Hexane)so-Propanoln-Butyl Alcohol, Methanol

Acetone, m-Cresob-Chrolophenol, Dimethyl Formamide, Dimethyl Acetamid-methyl

50
pyrrolidone, Dioxane
60 Ethyl Ether, Methylene Chroride, Methyl ethyl Keé, Cycloheptane, Ethyl Acetate
70-80 Toluene, THR-Xylene, Chloroform, Cyclopentane, Benzene, Pyridindichlorobenzene

N-heptane is known as strong solvent in normalsphchromatography compared to water

in reversed phase (RP) chromatography and therbfgdter peak resolution was obtained by

the mobile phase NP-composition B.

The two-dimensional separation system has a maripeak capacity when the selectivity

of the separation systems is fully independenb(trogonal)Stoll et al. 2007] Figure 6-1-A

shows that the area of the bins covered by the alored data points is 10 %. This represents

0 % orthogonality of a two-dimensional separatigstem. On the contrary, Figure 6-1-C

shows an ideal orthogonal separation. Here, therege area by the normalized data points is

63 % representing 100 % orthogonality.
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Figure 6-1. Geometric orthogonality concept.
normalized space. (A) Nonorthogonal system, 10 % aa coverage represents 0 % orthogonality. (B)
Hypothetical ordered system, full area coverage. (CRandom, ideally orthogonal system, area coverage

63 % representing the 100 % orthogonality.
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The orthogonality of a two-dimentional separatigatem is estimated by the coverage area

(%) of the rectangular bins that contain peaksalete The degree of orthogonality (coverage

area) can be calculated according to equatigiil@r et al.2005]
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0 @)= 2205 VP & 100 e Equation 17
063P

. max

O : orthogonality percent (%)
>bins : number of bins containing the detected peaks

Pmax : total peak capacity obtained as a sum of aB bin

Theoretically, the combination of SECxNP-HPLC wopldvide good orthogonality, since
the separation mechanisms are highly different. glbes of the normalized retention times of
all peaks eluted from the 11 additives in both disiens were constructed in figure 6-2. The
15 peaks originated from the 11 additives were lgveistributed onto 3x5 normalized
separation space. The degree of orthogonality \absilated according to equation 17. The
number of bins used for separation was 10 out ofbiits. Thus the degree of the
orthogonality for SECxNP-HPLC was 65 %. Howeveg ttumber of test compounds was
very small for the estimation of the orthogonalifyhus the orthogonality between both
dimensions could not be practically and accuragsymated by such geometric approach.
According toLiu et al. [2008],the more complex of the sample, the more orthogtynat
two-dimensional chromatography system would be awpd in such geometric orthogonality
estimation, since normalized retention points dfpaaks detected on a two-dimensional
separation system would be filled into the binsafTis, the number of bins for the partition of
the two-dimensional separation space would be @sa@ with increasing the number of the

detected peaks.
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Figure 6-2. Normalized retention time plot for SEE<HPLC two-dimensional separation

system.
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According to the theoretical assumption, the comatiam of SECxXNP-HPLC can provide
good orthogonality. Thus the total peak capacitythe first and second dimension can be
calculated according to equation 11 in chapter53.Fhe number of peaks for the first
dimension, which was connected two columns in sem&s 22 and that of the Diol column
for the second dimension was 182. Thus the totak pmpacity of the SECxNP-HPLC
separation was 4004.

Pp = P1 x P2 = 22x182= 4004

P,y : the peak capacity for two-dimensional chromaapsy
P1 : the peak capacity of first dimension

P2 : the peak capacity of second dimension

As described above, the total peak capacity in $iEECxNP-HPLC two-dimensional
separation will be markedly improved compared ® tbnventional one-dimensional ones.
However, the 100 % orthogonality in two-dimensiodatomatography is extremely rare. For
the reasonGilar et al. [2005have calculated a practical peak capacity ashtberétical peak
capacity according to equation 18. In this stutlg, practical peak capacity of the SECxNP-
HPLC system was 2683.

> bins

max

Np= Pop = 4004 x 0.67 = 2683 -------------- Equation 18

P,y : the peak capacity for two-dimensional chromaapsy
>'bins : number of bins containing the detected peaks

Pmax : total peak capacity obtained as a sum of alt bin

The theoretically calculated peak capacity is oftthg estimation of the separation
efficiency and they often tend to overestimate skparation power of the system in real
analysedKivilompolo and Hyo6tylainen 2007]However, it was obvious that clearly higher
separation efficiency can be obtained by the SEGHRIRC two-dimensional system than by
a conventional one-dimensional system.

The separation efficiency of the SEC column for tingt dimension is limited. Several
identical SEC columns in series are connected pvowe the peak capacifilar et al. 2005]

In this study, two identical SEC columns in semese connected. However, the efficiency of
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the SEC dimension was not improved. The total amskyme in the first dimension (SEC) for
the 11 additives was 7 min. That is, the numbdramdtions collected from the first dimension
was limited. As a result, the overall peak capawi#g reduced. Therefore, it needs to improve
the overall separating power. For this, other corations like NPxSEC, other SEC columns
and the connection of three or more SEC columnsbeaconsidered for the further study. In
the recent studies for polymer analysis, NPxSEChioation is mainly applied to improve
the overall separating power by using gradienti@huin the first dimensioffiVan der Horst
and Schoenmakers 200&)d to characterize the fractions transferred fiioenfirst dimension
[Berek 2010]

The main disadvantage of LCxLC (liquid chromatodmap liquid chromatography) is that
there is currently no a commercial data processsoftware for qualification and
quantification available. The peaks obtained frevo-tlimensional chromatographic analysis
are integrated as contour plot or peak volumes ted quantification can be usually
performed by the calculation of peak volume. Datamugsition and handling for the
quantitative GCxGC (gas chromatography) analysssbeen performed by some developed
commercial software, for instance HyperChroBCxGC Data Interpretation Software
(Thermo Scientific). However, the quantificatiorol® in LCXLC are limitedKallio et al.
2009].Many researchers have therefore used in-houseewstftwargdMurphy et al. 1998]
From the above mentioned reason, the quantificgirmeedures could not be performed in

this study and would need further research aawiti
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6.2. Development of screening methods by GC-FID

6.2.1. GC-FID analysis

The non- or semi-polar substances were successiodllyzed with sufficient response by a
GC-FID system equipped with a DB-1 non-polar column

The polar substances like alcohols (glycol, phlyamines and carboxylic acids showed a
bad peak shape and therefore low sensitivity. Hsemial reason of these results is that the
DB-1 column is coated with a non-polar stationamgge (dimethylpolysiloxane). For analysis
of polar compounds, the polar stationary phasensofuare often chosen because of their
column deactivating properties and miscibility wigblar solutes. Peaks that tailed or that are
irreversibly adsorbed on non-polar columns areno#tited with good peak shape when a
polar stationary phase is ugédee 1985]

The peaks of all substances containing carboxyhctional groups were not detected in the
calibration range. The analysis of carboxylic aaidgrg GC is generally difficult because of
their low volatility, strong adsoption on statiopaphase and/or dimerisation of acid
molecule§Waksmundzka-Hajnos 1998Therefore, for the analysis of carboxylic acidsgs
GC system, polarity should be lower and volatilishould be improved through a
derivatisation procedure like esterification byngsdiazomethane and/or the reaction of silver
salts of carboxylic acids with methyl iodide. Pysis of carboxylic acids can also be used to
obtain more volatile fragments of the analytes. Eeav, for a sensitive analysis of carboxylic
acids, the most general method is analysis bydiguiromatography (LC) such as anion-
exchange and ion-exclusion chromatograptaksmundzka-Hajnos 1998, Liebich et al.
1980, Destandau et al. 2005]

The DB-FFAP column which were selected for the $siameous analysis including the high
polar substances is a specialized separation cotaranalyse the volatile free aciftsewlett
Packard Application Note 1998The FFAP (free fatty acid phase) is generallyliapple for
the analysis of acidic compounds such as organidsa@henols, alcohols, amides, N-
acrylamino acids, all type of esters, ketones,olaes and more, but it is not suitable for
alkaline compounds and aldehydes, since these aamdganay be adsorbed on the FFAP or
may react with the terminal groups of the statignainase/Rotzsche 1991, Sandara 2002]
This explains that the amines were not detectetherFFAP phase. The DB-FFAP column
has a lower usable temperature range (up to 26@d@pared to DB-1. The substances with

high boling points in the list of representativehasive related subtances could not be
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measured on this column. Compared with DB-1, tHg advantage of DB-FFAP column is
that the sensitivity to the alcohol compounds wgsiicantly improved. This advantage was
considered to the too small in relation to the rffd using a second method for the screening.
Consequently, the screening method using the catibmof GC-FID and DB-1 column is
applicable to a broad range of substances excgpiyhpolar substances such as amines,
alcohols and carboxylic acids and the method coueisrnown susbtances migrating from

packaging materials and adhesives in a molecutayeraf approximately 100 to 800 g/mol.

6.2.2. GC-FID relative response factors

Theoretically, the response of the FID shall bepprtional to the mass of carbon per time
unit passing the detect@dorgensen et al. 1990l produces a signal for all carbon atoms
present in compounds that elute from the GC colukowever, substantially, the FID
response is not exactly proportional to the carbomber and therefore FID is not equally
sensitive to the different compounds. Several sttiave been reported on the FID response
and its influence parameters. The response of §libfluenced by the heteroatoms present in
various functional groups such as oxygen, nitroged halogengTong and Karasek 1984,
Jorgensen et al. 1990, Kéllai and Balla 200@ithermore by the operating conditions of the
GC-FID systems, for instances column stationarysphdetector temperature, injection mode
(split or splitless) and injector temperat{izessler and Ciganek 1994, Cicchetti et al. 2008]
In addition to these influence factors, the FIDpmsse is also influenced by the choice of an
internal standargBlanco et al. 1992]

Consequently, as described in chapter 5.4.4, tie $Howed lower responses for the
compounds with heteroatoms. Also the polarity @& tompounds containing a heteroatom is
relatively higher than that of pure hydrocarbon poomds.Tong and KaraseK1984]
reported that the substitution of a heteroatom dryagrocarbon lowers the FID response of
the parent compounds but with increasing molecwksight the influence of the heteroatom
on the FID response becomes less significant, laadesponse factor approaches that of the
parent compound. This tendency is in good accotl te experimental results given in table
6-2. The RRF values of the heteroatom compoundkdrist of which a part in molecular
structures was substituted with heteroatoms (NorSP) including oxygen (O), relatively
increased with increasing molecular weights or carbumber. However, in spite of its high
molecular weight (MW : 445 g/mol, RRF : 0.44), thecusate sodium on FID showed lower
response than other substances with similar maeaukight or carbon number. Since the
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docusate sodium is an ionic compound, it couldthengly absorbed on the DB-1 stationary
phase, with the reponse decrease in consequertbe peak tailing. However, peak tailing

was not observed (Figure 5-20). Therefore, thearsp of the docusate sodium on FID was
more influenced by heteroatoms in the molecularcttire, because it was substituted with

much more heteroatoms than other substances (G&ble

Table 6-2. Change of RRF values according to nunabeneteroatom and of carbon in

molecular structure.

Substances Heteroatom / Number Carbon Number / MW RRF via BHA
(g/mol)

Carprolactam N/1,0/1 6/113.16 0.69

1-Vinyl-2-pyrrolidone N/1,0/1 6/114.14 0.72
2-Octyl-2H-isothiazol-3-one N/1,S/1,0/1 n213.34 0.82
2-Ethylhexyl diphenyl phosphate P/1,0/4 262.34 0.81

Docusate sodium Na/1,S/1,0/7 20/445.63 44 0.
4,4’-Bis(diethylamino)benzophenone N/2,0/1 | 3P4.46 0.93

Uvitex OB N/2,S/1,0/2 26 /430.06 0.94

Irgafos 168 P/1,0/3 42/646.93 1.16

All acrylic ester compounds shown in Table 6-3 hawe® heteroatoms (oxygen) in
molecular structure and the RRF values were ineckagth increasing the carbon number.
According to Jorgensen [1990]if the substances have heteroatoms of same number
molecular structure, the increase of carbon nuritbaccompanied with the increase of RRF

values.

Table 6-3. Change of RRF values of the 7 acrylteresaccording to number of heteroatom

and of carbon in molecular structure.

Substances Heteroatom / Number Carbon Number / MW RRF via BHA
(g/mol)
Methyl acrylate o/2 4/86.09 0.71
Ethyl acrylate 0/2 5/100.11 0.64
Methyl methacrylate 0/2 5/100.11 0.67
Ethyl methacrylate 0/2 6/114.14 0.82
Butyl acrylate 0o/2 71/128.18 0.90
Butyl methacrylate 0/2 8/142.19 0.96
Ethylhexyl acrylate 0/2 11/184.28 1.25

Generally, compounds with -OH groups show a goedpanse on FID using an

appropriate polar stationary phase column. The DBelumn has a non-polar phase
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(dimethylpolysiloxane). Polar substances like atidsl{glycol, polyol) or amines showed on
DB-1 a bad peak shape (Figure 5-20), low sengtasitd low RRF values.

Bronopol is widely used as a biocide in adhesiB®nopol is easily transformed to
formaldehyde in aqueous solutipffang et al. 2002, Lian et al. 199Rapid hydrolysis may
occur at increased temperature and/or higher[[p8 EPA 2006a] Bronopol contains an
alcohol functional group, a halogen element (Bryl an heteroatom N. It showed a bad
response on FID regardless of selection of varmlamns, because FID is insensitive to
halogens such as F, Cl, Br and I. Furthermore, &ohmay be decomposed in the injector
because of the increased temperature. Figure :1@®sstwo chromatograms for Bronopol
that were analyzed with two different columns (DBxid DB-FFAP). Several peaks were
eluted from both chromatograms.

Melamine did not show a FID response in the calibnarange, because of its high polarity
caused from polar functional group and many heternsa (six nitrogen atoms) in the
molecular structure. Especially, the high polantgs attributed to the strong interaction
between amines and DB-1 stationary phase, andotkeethis interaction prohibited the
amines from reaching the FID. Additionally, the Haaf carbon number in the molecular
structure caused furthermore lower sensitivity ¢éb.H he FID response of carboxylic acids
could be also rationalized by the same reasons.

Therefore, the multi-screening method using the D&lumn combined with FID was not
suitable to obtain an adequate retention, enougjhorese and symmetric peak shape for the
high polar substances such as amines, multifurati@icohols and carboxylic acids.
Furthermore, the presence of “heteroatom” in a mdé& structure decreased the FID
response.

The RRF values of alcohols varied between 0.140a48 except resorcinol (0.67). The bi-
and trifunctional aliphatic alcohols among the &l substances were not detected with
sufficient response on the GC-FID system equippé&ti & DB-1 column because of the
presence of low carbon numbers (low molecular wgighd more than two -OH groups.
Resorcinol (Benzene-1,3-diol) is an aromatic al¢cdnad has a larger carbon number (6
carbon atoms) than the other investigated alcof®ls- 4 carbon atoms). These should
enhance the response. Especially, glycerol (RRA4)0with three —OH groups and three
carbon atoms in molecular structure showed the tlogsponse among the alcoholic

substances and did not show the response undealibeation standard concentration of 50

pg/mi.
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If all RRF values including that of alcohols areeddor the establishment of a distribution
range at 95% coverage level, it would be a worsedar the conservative concentration
estimation, since the response of alcohols ardfiogunt on the DB-1 column. Therefore, the
RRF values of the alcoholic substances should blri@ad for the estimation of distribution
range.

In conclusion, the GC-FID system equipped with a-DBon-polar column showed
sufficient sensitivity and consistent response foost representative adhesive related
substances except some high polar substances.fdiiggrthe RRF values obtained from this
analytical tool could be used for the semi-quantiéaapproach of volatile or semi-volatile
unknwon substances migrated from adhesive layeimonh packaging materials.

6.2.3. Estimation of molecular weight by retentiortime

The DB-1 column coated with dimethylpolysilixanepamtes according to the boiling
point (volatility) differences of the analyt§Solby 1999] The boiling point correlates to the
molecular weight and therefore the retention timd molecular weight of the representative
adhesive related substances showed a good linedgioneon DB-1 columnFranz et al.
[2004] reported thathe retention times of various substances fromrpwlanon-polar were
correlated with the molecular weight on DB-1 columsing volatiles in Headspace-GC
analysis.

On the contrary, the separation of the DB-FFAP mwiucoated with 100 %
polyethyleneglycol esterified by nitroterephthadicid occurs according to direct interaction
between the analyte and stationary phase. Thahasanalytes can be mainly separated by
polarity differences between stationary phase aralyte. According toGolby [1999] the
compounds on a polar stationary phase are alsaaegaby the volatility of analyte, but
more emphasis is that it depends on the molecntaraction between analyte and stationay
phase including the forces such as dipole-dipoldyuced dipole-dipole interactions, Van der
Waals and hydrogen bonding. Consequently in thidysthe test substances on DB-FFAP did
not show correlation between retention time andecuhr weight.

As mentioned in chapter 1.3, the molecular weighttheoretical migration estimation is
one of the most important parameters, since theatiogn quantity decreases with the increase
of molecular weight of the migrating substan¢egge 1996, Piringer and Baner 2008 b]
The representative adhesive related substancesahande molecular weight range from 62

to 1177 g/mol and various physico-chemical chargttes. Therefore, the correlation of the
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retention time with the molecular weight on the DBolumn can be used for the estimation
of the molecular weight of a not identified subs@nTogether with a semiquantitative
estimate of the concentration, mathematical maugllbf the migration of not identified

substances gets possible.

6.2.4. Characterisation of unknown substances bynlear retention indices

Retention time, relative retention time and retmtindices are important parameters in
qualitative analysis. However, the relative retemtiime is only reproducible within a single
GC system and the retention time in GC analysistigtly related to the measurement
parameters, because it is influenced by the opes@ticonditions such as phase ratio and
column length, gas flow rate and temperature progr@Peng 1994, Zellner et al. 2008]

The linear retention indices depend on the statjophase of the columfGoodner 2008,
Peng 200Q] In this study, the retention indices determinedtioe DB-FFAP column were
significantly different from those on the DB-1 coin (Table 5-7). It is therefore clear that the
linear retention indices are influenced by the tygbestationary phase and the structure of
analyte.

The different GC systems and operating conditiesdes column stationary phase did not
influence the retention indicg®eng 1994, Goodner 2008\ comparison of the retention
indices from literature[Peng 1988 Deutsche Forschungsgemeinschaft (DFG) 1992,
Kondjoyan and Berdagué 1996, Gramshaw e1@5] and the mean values of the retention
indices calculated from experimental data are givetable 6-4 and figure 6-3. The linear
retention indices of 85 compounds including 45 adlerelated substances from this study
were obtained from the published literatures anchgared with the experimental retention
indices. The additional 40 substances for the coisma with the experimental retention
indices derive from various chemical classes suchyarocarbons, alcohols, amines, esters
and more that cover the whole range of physico-atenproperties from volatile to non-
volatile, from polar to non-polar. All of these eeation indices were determined on DB-1 and
equivalent stationary phase (100 % dimethylpolysitee). The experimental retention indices
of total seven substances including three acrylatiasetin, diethylene glycol dibenzoate, 2-
ethylhexyl diphenyl phosphate (phosflex 362) anapglene glycol were markedly different
from the literature data with = 20 retention inderits. However, on the whole, the

correlation between retention indices and molecwleights of the experiment data was in
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good accord with those of the literature data (Feger3). Especially, the hydrocarbons such
styrenepara-xylene and alpha-methylstyrene showed same retemtdex units.

The comparison of the retention indices and mo&cwkeights or carbon numbers revealed
a linear relation between them and the retenticdices were not influenced by the different
GC system and the operating conditions. Therefitv@,characterization such as molecular
weight or carbon number of unknown substances gration solutions could be estimated by
using the linear retention indices. Because ofrthedependence from the analytical

parameters they are better suitable than the retetiine.
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Table 6-4. Comparison of retention indices of thpresentative adhesive related substances

on same apolar columns with reference surveys.

Linear Retention Indices
Molecular
Classification No. Substances weight Literature
(g/mol) Experiment — -
Retention indices | Literature Nr.
1 Methyl acrylate 86.09 - 591 1
2 Ethyl acrylate 100.11 621 683 1
3 Methyl methacrylate 100.11 628 694 4
ify‘fapt: 4 | Ethyl methacrylate 114.14 673 773 1
5 Butyl acrylate 128.18 877 883 1
6 Butyl methacrylate 142.19 964 967 1
7 Ethylhexyl acrylate 184.28 1212 - -
8 Glycerol triacetate 218.2 1308 1282 2
9 Diisobutyl phthalate 278.35 1821 1835 2
10 Dibutyl phthalate 278.35 1911 1913 2
11 Propylene glycol dibenzoate 284.3 2091 -
12 Diethylene glycol dibenzoate 314.34 2390 2445 2
P(Igrsi:::[i)zgrs 13 Dipropylene glycol dibenzoate 342.42 2406 - -
14 2,2,4-Trimethyl-1,3-pentanediol dibenzoate 354.4 2439 - -
15 Triethylene glycol dibenzoate 358.4 2671 - -
16 Phosflex 362 362.44 2368 2450 2
17 Diehtylhexyl adipate 370.57 2371 2381 2
18 | Diethylhexyl phthalate 390.56 2502 2507 2
19 Ethylene glycol 62.06 621 < 1000 2
20 Propylene glycol 76.1 639 753/<1000/726 1/2/4
Group C 21 1,4-Butanediol 90.12 916 <1000/ 922 2/5
Alcohol 22 Glycerol 92.09 979 - -
23 Diethylene glycol 106.12 933 - -
24 Resorcinol 110.11 1249 1258 2
25 Hexamethylene diamine 116.21 1064 - -
iﬁfnpeg’ 26 | Toluene —2,4 —diamine 12217 1333 - -
27 4,4-Methylenedianiline 250.25 2046 - -
28 | 2,6-Ditert-butyl-4-methylphenol 220.35 14gg | 148811501430 50314
Arﬁigoxli*gaits 29 | Irganox 1076 531 3564 - -
30 Irgafos 168 646.93 3389 - -
31 Irganox 1330 775.21 - - -
32 Vinyl propionate 100.12 615 - -
33 Styrene 104.15 869 <1000 / 868 2/4
34 para-Xylene 106.17 853 875 /853 /850 1/3/4
35 Caprolactam 113.16 1191 - -
36 1-Vinyl-2-pyrrolidinone 114.14 1052 - -
37 a-Methylstyrene 118.18 962 963 4
Group F 38 Benzophenone 182.23 1577 1611/1610 1/2
Others 39 2-Octyl-2H-isothiasol-3-one 213.34 1781 -
40 Butyl diglycol acetate 204.27 1333 -
41 Bisphenol A 228.29 2099 2155 2/
42 4,4’-Bis(diethylamino) benzophenone 324.46 3027 - -
43 BADGE 340.42 2804 - -
44 Uvitex OB 430.06 3791 3750 2/
45 Docusate sodium 445.63 2208 - -
46 Ethyl amine 45.09 - 413/ 1
47 1,3 Butadiene 54.09 - 395 2
48 1,3-Propanediol 76.09 - 814 5
49 Benzene 78.11 - 642 / 640 3/4
50 Acetic acid, ethyl ester 88.11 - 599 3
51 Methyl propionate 88.11 - 613 /618 1/3
52 Toluene 92.14 - 7641752741 1/3/4
53 Aniline 93.12 - 955 1
54 Diethanolamine 105.14 - 1075 2
. 55 Ethyl benzene 106.17 - 846 5
Qﬂiﬁg’;@'ﬁf’;’:ﬁi’rg; 56 | mylene 106.17 - 8711851 /850 1/3/4
retention indices 57 o-Xylene 106.17 - 895 1
58 Naphthalene 128.17 - 1190/ 1156 / 1152 2/3/4
59 2-Ethylhexanol 130.23 - 1015/ 1014 2/3
60 Dipropylene glycol 134.17 - 1008 4
61 Limonene 136.24 - 1053 /1020 2/3
62 Trimethtyl phosphate 140.07 - 1000 / 854 2/6
63 o-phthalic anhydride 148.12 - 1322 2
64 Triethylene glycol 150.18 - 1230 2
65 4-hydroxy-3-methoxybenzaldehyde 152.15 - 1630 2
66 Dipheylamine 169.22 - 1537/ 1595 1/2
67 2-Phenylphenol 170.21 - 1550 2
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Continued table 6-4

68 Dimethyl adipate 174.19 - 1213/ 1205 2/6
69 Triethylphosphate 182.16 - 1109/1091 2/6
70 Dimethyl isophthalate 194.18 - 1488 2
71 Dimethyl phthalate 194.19 - 1406 / 1425 2/6
72 Diethyl phthalate 222.24 - 1564 / 1558 2/6
73 Diallyl phthalate 246.25 - 1712/1708 2/6
74 Dipropyl phthalate 250.30 - 1746 2
75 Dicyclohexyl phthalate 266.29 - 2461 | 2472 2/6
76 Tributyl phosphate 266.32 - 1690/ 1690 2/6
Additional substances 77 | Dibutyl terephthalate 278.34 - 2066 2
for the comparison of| 7™ | 1,4-butanediol dibenzoate 298.33 - 2400 2
retention indices 79 | Dibenzyl phthalate 346.38 - 2690 2
80 2—(4—tert—bu_tyIphenyI)—5—(4—phenyIphenyI)— 354.44 B 3342 2
1,3,4-oxadiazole
81 Diisooctyl adipate 370.58 - 2444 2
1,4-bis(5-phenyl-2-oxazolyl)benzene),
82 Popoé pheny v) ) 392.44 - 3525 2
83 Diisodecyl adipate 426.67 - 2745 2
84 Dioctyl sebacate 426.67 - 2787 /2778 2/6
2,5-bis(5-tert-butyl-2-
85 benzox(azolyl)thigphene, BBOT 430.56 ) 2745 2

Literature 1 : Peng et al. 1988

Literature 2 : Deutsche Forschungsgemeinschaft i@ The International Association of Forensicitobogists (TIAFT) 1992
Literature 3 : Kondjoyan and Berdagué 1996

Literature 4 : Gramshaw et al. 1995

Literature 5 : Peng 2000

Literature 6 : Messadi and Vergnaud 1979
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Figure 6-3. Comparison of the correlations betwestantion indices and molecular weight

obtained from experimental data and the literatiata (Table 6-1).
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6.3. Practical application of the developed screemy methods

6.3.1. HPLC-CAD analysis data of extracts and mignats

As discussed in chapter 6.1.1, the responses ofdlatile and semi-volatile compounds
were poor or there was no response on a chargedchetetector (CAD) because of the
evaporation step in the CAcCarthy et al2005] In this thesis, the detection properties of
CAD were demonstrated by the screening test of stances. Most substances with a
molecular weight lower than 300 g/mol and a vapesgure higher than 16 Pa were not
detected in the CAD. These results are in goodeageat with those obtained by the
extraction and migration tests of the real adhesamples. The molecular weights of the
substances identified ranged from 314 g/mol to 8580l (diethylene glycol dibenzoate,
dipropylene glycol dibenzoate, triethylene glycdbaehzoate). The semi-volatile substances
such as triacetin (MW 218.2 g/mol) and butyl diglyacetate (MW 204.3 g/mol) detected by
the GC-FID screening test could not be detecte@€A because of their higher volatilities
than mobile phase composed of acetonitrile andrwate

Some unknown peaks were detected in the migrabbnisn of VAE 1-C, VAE 3-C and
VAE 4-C samples bonded with pure adhesives basedryh acetate ethylene copolymers
(VAE). These peaks can be allocated to substaratentigrated from the substrates such as
paper and card board.

In conclusion, the HPLC-CAD screening method depetb for non-volatile adhesive

related substances was applicable to the real tragrand extraction test.

6.3.2. GC-FID analysis data of extracts and migraist

The GC-FID multi-screening method using DB-1 columas demonstrated to be useful
and reliable for the semi-quantitation of semi-titdkaand some non-volatile substances in
adhesive and composite samples. Detection and aepaiof the substances with various
physico-chemical properties on DB-1 column and #aronization detector (FID) were
correctly interpreted by the screening test of &xr@sentative adhesive related substances in
this thesis.

With this method, some plasticizers as the mampmonents in adhesive samples were

identified by extraction and migration test. Thelacalar weights of the plasticizers were
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between 200 and 400 g/mol. Some unknown peaksnatiggl from the substrates were
detected in the migration solution of VAE1-C ~ VAEC and PVAc-C samples.

6.3.3. Semi-quantification of adhesive related sutzces

The distribution range of the RRF values determimg&C-FID was established from 0.31
to 1.44. In this study, the conservative estimatising an overall RRF value of 0.31 in GC-
FID analysis overestimated the concentration ofrddevant substances in a range of 129 ~
305 % in the extraction and migration test. Ondtieer hand, a quantification using real RRF
values determined by the calibration curves of dhbstances detected were close to those
obtained from traditional quantification data (Tald-10 and 5-11), except for dipropylene
glycol dibenzoate (DPGDB) which was not in goodaadcwith the traditional estimation.
The reason is that it could not be calibrated withigh purity standard as DPGDB of purity
80 % (technical grade) had to be inevitably usetthis study.

In the quantitative analysis by using the real RRiue, the inconsistency of the RRF
values in the calibration range leads to a qudiv&aerror. In HPLC-CAD analysis,
diethylene glycol dibenzoate (DEGDB) quantified the real RRF value was very close to
the traditional quantitation data (Table 5-12), th& concentration of DPGDB in the pure
adhesives and the composite samples was markedgrestimated, since the RRF values of
DPGDB in the calibration range are not consistenither words, the calibration curve of
DPGDB was not linear and the calibration line dad pass through the origin of the x and y
axis. For this reason, DPGDB was excluded to estalthe distribution range in this study.
The conservative estimation in the HPLC-CAD analytiould also overestimate in the same
way as in GC-FID analysis, but DPGDB in the migratitest of VAE 5-C was
underestimated with the approximation ratio of 8®&6ause of the inconsistency of the RRF
value of DPGDB.

In this thesis, a statistical design using uniViessdbstances was applied for the semi-
quantitative approach of unknown substances retatadhesives in food packaging materials.
The results of conservative estimation overestithdtee real substance concentrations at
maximum by 305 % in GC-FID analysis and by 219 %RLC-CAD analysis compared to
those of the traditional quantification. In a cansgive concept which systematically
overestimates the concentrations of potentiallyrfiar substances, however, these values are
acceptable for the semi-quantitation of unknownssaices migrated from multi-layer films

for food packaging.
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7. Summary

The core objective of this thesis was to devedop analytical method and analytical
approach for semi-quantification of potential migsafrom adhesive samples. For this, multi-
analytical screening methods covering various moyshemical classes of adhesive related
substances up to a molecular weight of 1000 g/metewdeveloped. Furthermore, the
analytical uncertainty of the semi-quantitative m@geh using universal substances was

estimated.

For this, 55 substances were selected which colfereht chemical structure, polarities
and molecular weights and represent the physicoiidda properties of potential migrants in
adhesives. They were used for the development mesmg methods and of a semi-
guantitative approach for unknown compounds. Téteclontains 7 acrylates, 11 plasticizers,
6 carboxylic acids, 7 alcohols and phenols, 5 amjibBeantioxidants and 14 other substances.
12 additives (antioxidants and UV-stabilizers) wattwide range of molecular weights from

300 to 700 g/mol were additionally selected for IPCAD analysis

Gas chromatography with flame ionization detec@®C{FID) and high performance liquid
chromatography with charged aerosol detector (HRIAD) were used for separation and
detection. In total, 46 out of 55 substances weteaded by GC-FID analysis equipped with a
DB-1 column. Multifunctional alcohols and aminewied a bad peak shape and therefore
low sensitivity. Since carboxylic acids are notatdé enough, they were not detectable by
GC-FID. The GC-FID system equipped with a DB-FFAFumn showed a more sensitive
response for alcohols. Amines and carboxylic agdd some plasticizers were still not
detected on the FFAP column. In conclusion, thetilsateening method on a DB-1 column

is applicable to a broad range of substances exaepighly polar substances.

For the identification of volatile unknown substasgcretention time and retention indices
were determined. Both retention parameters showeatear relation with molecular weights
or carbon numbers of the representative adhesibstaces on the DB-1 column. It was
shown that the linear retention indices were nu@mced by the GC systems and operating
conditions except the stationary phase of the coluiherefore, the molecular weight or
carbon number of unknown substances could be helestimated from the retention indices.

This could be confirmed by comparison with retemiiadices from the literature.
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The non-volatile substances were analyzed by reyantase HPLC coupled with a charged
aerosol detector (CAD). Two mobile phase compas#tiovere tested. CAD showed good
relative responses for substances with a moleawaght higher than 400 g/mol or vapor
pressure lower than IPa. The mobile phase water-acetonitrile gradienta C 18 column
were suitable for separating most test substartdghly polar and ionic compounds need
specific mobile phases with adjusted pH. The respasf CAD was not influenced by the
organic content in water-acetonitrile mobile phasenpositions. Therefore, the developed
multi-screening method using CAD coupled with aerse-phase HPLC system is capable for

screening of unknown non-volatile migrants exceptighly polar substances.

Online two-dimensional separation technique (SECKNRR.CxCAD) was proposed to
improve the peak capacity and resolving power. Eligheparation efficiency could be
obtained by this two-dimensional system in comperiso the one-dimensional system.
However, the main disadvantage of the two-dimeradisgeparation is the sophisticated
automated data processing for qualification and ntjiieation. Literally, there is no

commercial software available. Therefore, quardtian was not possible in this thesis.

Relative response factors (RRF) related to 3-tetydbl-hydroxy-anisole (BHA) as internal
standard of total 46 substances among 55 représensahesive related substances could be
determined by using the developed GC-FID multi-echeg method for semi-volatile
substances. The distribution range of the RRF galithout alcohols was between 0.31 and
1.44. For a conservative estimation, a RRF valuéaofor 0.31 should be used for semi-
quantitative estimation. On the other hand, reéatesponse factors of total 28 substances out
of 67 representative adhesive related substancglsl @ determined by the HPLC-CAD
multi-screening method. In order to establish tistribution range, the RRF values which
were inconsistent in the calibration range werdugled. The distribution range was between
0.23 and 3.25. For a conservative estimation, tssstally derived RRF value of 0.23 should

be used with this detection method.

Some substances were detected by the HPLC-CAD la@dGIC-FID multi-screening
methods in the extraction and migration test. Témuits of the conservative estimation and
the real RRF estimation using the RRF of the idientisubstances were compared with that
of traditional quantification. In GC-FID analysishe conservative estimations of the

identified substances using an RRF value of 0.3drestimated substance concentrations
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compared to traditional quantification in a rangaf 129 to 305 % in the extraction test and
from 130 to 305 % in the migration test, respedyivin HPLC-CAD analysis for non-volatile

substances, an RRF value of 0.23 was used foraigecvative estimation. The conservative
estimation led to overestimations of the identifeadbstances in relation to traditional values
in the range from 102 to 219 % in the extracticst tnd from 86 to 216 % in the migration
test, respectively. However, the conservative egion of dipropylene glycol dibenzoate was

not reliable because of its inconsistency of RRIEe/&n the calibration range.

Consequently, the multi-screening methods coverdmtoad range of physico-chemical
properties of compounds and the semi-quantitatippraach was very reliable with an
acceptable range of uncertainty. It can be propesedn useful semi-quantitative approach
for the potential migrants related to adhesivess Bemi-quantitative multi method can be
applied not only for the adhesives compliance igséirea, but also for migratable substances

from other material categories, for instance lagueoatings, printing inks and more.
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9. Appendix

9.1. Calibration curves

9.1.1. Calibration curvesfor HPLC-CAD analysis
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Limit of detection (LOD) : 0.54ig/ml

Gradient B Correlation coefficient R : 0.9997

Limit of detection (LOD) : 0.93g/ml
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Concentration of analyte (pg/ml)

Gradient A Correlation coefficient R : 0.9982

Limit of detection (LOD) : 2.2%g/ml

Gradient B not detected < hg/ml
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Propylene glycol dibenzoate

Propylene glycol dibenzoate

Concentration of analyte (ug/ml)
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Concentration of analyte (pug/ml)

Gradient A Correlation coefficient R : 0.9986
Limit of detection (LOD) : 2.0g/ml

Gradient B Correlation coefficient R : 0.9996
Limit of detection (LOD) : 1.03wg/ml
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Irganox 1076
3.0

25
2.0
15 +
1.0 +
0.5
0.0
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|y =0.0484x - 0.0039
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Concentration of analyte (pg/ml)

Gradient A Correlation coefficient R : 0.9999
Limit of detection (LOD) : 0.5%g/ml

Gradient B Correlation coefficient R : 0.9997

Limit of detection (LOD) : 0.9Qug/ml
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Concentration of analyte (pug/ml)
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Limit of detection (LOD) : 1.3%Lg/ml Limit of detection (LOD) : 1.5d4g/ml
Irganox 1010 Irganox 1010
1.4 2.5
= |y =0.02x +0.0005 = _
g 1.2 . g 20 | y=0.0326x +0.0018
S _ 1.0+ - g R=1
ET £ET
T 808 T8 15+
=2 S06 L > c
g0 Eg10|
o o4 5
F o02¢ ko 05
0.0 0.0
0 20 40 60 80 0 20 40 60 80

Concentration of analyte (pg/ml)

Gradient A Correlation coefficient R : 1.000

Limit of detection (LOD) : 0.3Gig/ml

Gradient B Correlation coefficient R : 0.9993

Limit of detection (LOD) : 1.38g/ml
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ratio analyte/internal
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Concentration of analyte (pug/ml)

Gradient A Correlation coefficient R : 0.9996

Limit of detection (LOD) : 0.94ig/ml

Gradient B Correlation coefficient R : 0.9999

Limit of detection (LOD) : 0.4qug/ml

Bisphenol A was not retarded in this gradient coonlit
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Gradient A Correlation coefficient R : 0.9998

Limit of detection (LOD) : 0.77g/ml

Gradient B Correlation coefficient R : 0.9990

Limit of detection (LOD) : 1.529/ml
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ratio analyte/internal
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Concentration of analyte (ug/ml)
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y =0.0228x - 0.0086
Re=1

20 40 60

Concentration of analyte (ug/ml)

Gradient A Correlation coefficient R : 0.9999

Limit of detection (LOD) : 0.3Gg/ml

Gradient B Correlation coefficient R : 0.9997

Limit of detection (LOD) : 0.7&g/ml
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Gradient A Correlation coefficient R : 0.9999

Limit of detection (LOD) : 0.66g/ml

Gradient B Correlation coefficient R : 0.9996

Limit of detection (LOD) : 0.92ug/ml
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Concentration of analyte (pg/ml)

Gradient A Correlation coefficient R : 0.9999

Limit of detection (LOD) : 0.4%g/ml

Gradient B Correlation coefficient R : 0.9993

Limit of detection (LOD) : 1.22:9/ml
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ratio analyte/internal
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Concentration of analyte (pug/ml)

Gradient A Correlation coefficient R : 0.9997
Limit of detection (LOD) : 0.84ig/ml

Gradient B Correlation coefficient R : 0.9998
Limit of detection (LOD) : 0.6§g/ml
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Concentration of analyte (pug/ml)

Gradient A Correlation coefficient R : 0.9997
Limit of detection (LOD) : 0.96g/ml

Gradient B Correlation coefficient R : 0.9995
Limit of detection (LOD) : 1.13wg/ml
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Concentration of analyte (pg/ml)

Gradient A Correlation coefficient R : 0.9997
Limit of detection (LOD) : 0.87.g/ml

Gradient B Correlation coefficient R : 0.9974

Limit of detection (LOD) : 2.4dg/ml
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Gradient A Correlation coefficient R : 1.000 Gradient B Correlation coefficient R : 0.9991
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Gradient A Correlation coefficient R : 0.9999 Gradient B Correlation coefficient R : 0.9997
Limit of detection (LOD) : 0.43g/ml Limit of detection (LOD) : 0.9Qug/ml
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ratio analyte/internal
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Concentration of analyte (pug/ml)

Gradient A Correlation coefficient R : 0.9996
Limit of detection (LOD) : 1.0Lg/ml

Gradient B Correlation coefficient R : 0.9996
Limit of detection (LOD) : 1.0Qug/ml
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Concentration of analyte (pug/ml)

Gradient A Correlation coefficient R : 0.9999
Limit of detection (LOD) : 0.5Lg/ml

Gradient B Correlation coefficient R : 0.9992
Limit of detection (LOD) : 1.39g/ml
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Concentration of analyte (pg/ml)

Gradient A Correlation coefficient R : 0.9999
Limit of detection (LOD) : 0.5%g/ml

Gradient B Correlation coefficient R : 0.9998

Limit of detection (LOD) : 0.76g/ml
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9.1.2. Calibration curvesfor GC-FID analysis
Methyl acrylate Ethyl acrylate
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Concentration of analyte (pg/ml)

Concentration of analyte (pug/ml)

Correlation coefficient R : 0.9998
Lmit of detection (LOD) : 0.6Qg/ml

Correlation coefficient R : 0.9996

Lmit of detection (LOD) : 0.82g/ml
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Ethylhexyl acrylate
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Correlation coefficient R : 0.9977
Lmit of detection (LOD) : 2.0Gg/ml

Correlation coefficient R : 1.0000

Lmit of detection (LOD) : 0.27.g/ml
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Concentration of analyte (pg/ml)

Concentration of analyte (ug/ml)

Phosflex 362 Diethylene glycol dibenzoate
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Correlation coefficient R : 0.9999
Lmit of detection (LOD) : 0.4&g/ml

Correlation coefficient R : 0.9997

Lmit of detection (LOD) : 0.74g/ml
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Concentration of analyte (pg/ml)

Concentration of analyte (ug/ml)
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Concentration of analyte (pg/ml)

Concentration of analyte (ug/ml)
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Concentration of analyte (pg/ml)

Concentration of analyte (pg/ml)
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Lmit of detection (LOD) : 0.87ug/ml

Correlation coefficient R : 0.9990

Lmit of detection (LOD) : 1.2&g/ml
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Concentration of analyte (ug/ml)

60

Uvitex OB Docusate Sodium

1.2 1.0
© ©
c 1.0 L y=0.0179x +0.0026 £ 0.8
() _ o .
Eoos! RE=1 Ev
e s g8 067
> L >
g5 00 83 04
8 2 04 ¢ S %
o 2 L
g 02 g 02

0.0 0.0

0 20 40 60 0 20 40 60 80
Concentration of analyte (pg/ml) Concentration of analyte (pg/mi)
Correlation coefficient R : 0.9998 Correlation coefficient R : 0.9983
Lmit of detection (LOD) : 0.72g/ml Lmit of detection (LOD) : 2.6g/ml
4,4-Methylenedianiline

1,2
T 104 Y~ 0,02125x -0,0107
3] R*=1
Eo5 08+
E g 0,6
8D 04+
el
g 02+

0,0 T T

Correlation coefficient R : 0.9983

Lmit of detection (LOD) : 1.87g/ml
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9.2. List of the representative adhesive related bstances

1: List of adhesive related, representative substances for establishing multi-screening methods and semi-quantitative estimates : Acrylates

Substances CAS RN./ Chemical Chemical Ibp | Jvater Pressur w |
MW . | emica mp / bp " og - ressure A ay to analyse
(g/mol) | PM Ref. Formula structure classification (C) S?:que'll_'ty PO/W Solubility mm Hg Uses EU Restriction via
Name Synonyms 2 3eg o (25 deg C)
GC-FID, OV-
0. Sy 101
Acrylic acid, 96-33-3/ H.C “T(‘\ CH -76.5/ SML(T) =6 Horna et al.,1985
Methyl acrylate methyl ester 86.09 11710 C4HsO2 3 2 Ester 80.2 4.94E+04 0.8 86.6 Monomer mglkg
u] GC-FID, DB-35
NIOSH Manual
. . - /O\/CHS Soluble in _ GC-FID, DB-
Ethyl acrylate Qg{gr'“’ acid, ethyl | 155 41 14101'2%5’ CaHsOs Hzo/ﬁT Ester ';;'i’ 15000 132 | Ao Srerand  3se Monomer SMH%(R =6 Wax
o : Solvents 9'kg NIOSH Manual
H2C i Solubile in MEK,
i N 48/ THF, Esters SML(T)=6 | GC-FID, DB-35
2-Methylacrylic 80-62-6 / - L ' = -FID, DB-
Methyl methacrylate acid, methyl ester 100.11 21130 CsHgO, Ester 1005 15000 1.38 Aéc;l?;ﬁtrl;lir;d 38.5 Monomer mo/kg NIOSH Manual
HSC o— CH3 hydrocarbon
CH,
2-Methyl-2- Solubile in
. . 97-63-2/ H.C o, / . SML(T) =6 GC-FID, DB-35
Ethyl methacrylate Propenoic Acid, 114.14 CgH100: LN Ester 5400 1.94 oxigenated 20.6 Monomer
Ethyl Ester 20890 o2 CH, 117 solvents mg/kg NIOSH Manual
0
. . a > Q. CH, : _ GC-FID, OV-
Butyl acrylate Acrylic acid, butyl | 15 g| 141-32:21 ¢y o, He /WT T Ester 64.6/ 2000 2.36 5.45 Monomer | SMH(T) =6 101
ester 10780 145 mg/kg d
0 Horna et al., 1985
CHy
. . _ GC-FID, OV-
Butyl methacrylate 'g"uetﬂl‘ics?g'rc acid, | 145 19 9;58181'3 / CoHdOs M %cm Ester '712'8’ 800 2.88 2.12 Monomer SMH%(R =6 101
Y 4 9/kg Horna et al.,1984
2-ethylhexyl prop- \A/Ci
2-enoate; a SML= 0.05
Ethylhexyl acrylate Acrylic acid, 2- 184.28| 1322-13-0 C11H2002 H.E \“/\«w Ester 3.9 Monomer mo/kg

ethylhexyl ester
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2: List of adhesive related, representative substances for establishing multi-methods and semi-quantitative estimates : Plasticizers

Substances CAS RN./ Chemical Chemical /b water Prosaur EU W, |
MW . i emica mp / bp - og - ressure ay to analyse
N S (g/mol) | PM Ref. Formula structure classification (C) S?:qugb/'ll_'ty PO/W Solubility mm Hg Uses Restriction via
ame nonyms
ynony (25 deg C) (25 deg C)
Phthalic acid 61605 S se <25/ Miscible with Plasticizer (non{ g\ _ 4 o G%XA?AE;BéggAS
Diisobutyl phthalate diisobutyl 278.35 75280 Ci6H2:04 o com Ester 296 6.2 4.11 | commonorganic| 0.0067 food 7k ’ Fraumhofer IVV
ester, DIBP solvents applications) markg (Fraunhofer
’ method)
1,2- = e o GC-MS, DB-5MS
) Benzenedicarboxyl 84-74-2 | _2 ; -35/ Miscible with 2.01 - SML = 3.0 PA_M 1.605
Dibutyl phthalate ¢ acid, dibutyl 278.35 74880 C16H2:04 Ester 340 11.2 4.5 comsn;?vr;ﬁtrsgamc E.05 Plasticizer mglkg (Fraunhofer IVV
ester, DBP method)
- GC-MS, DB-5MS
Bis(2-Ethylhexyl) 117-81-7/ \'?ﬂ . ﬁ(f -55/ . - SML = 3.0 PA_M 1.605
Shthalats DEHP or DOP | 390.5¢ =,/ CodHagOs 4 8 Ester 384 0.27 7.6 1.42E-07 Plasticizer malkg (Fraunhofer WV
method)
o . # GC-MS, DB-5MS
Adipic acid bis (2- ’
) ' 103-23-1/ " JKNY‘ -67.8/ . SML = 3.0 PA_M 1.605
Diethylhexyl adipate eéfgxliiyllj)Ee:fr, 370.57 31920 CooHa204 /\:Y\ ! Jﬁ\ Ester 417 0.78 6.11 8.50E-07 Plasticizer mg/kg (Fraunhofer IVV
o method)
Triacetin, 10 2-76-1 ) 1 A Sf;]'U:D'E t';]‘
Glycerol triacetate | 1,2,3-Propanetriol| 218.20|  / CoHiOs o Ester 78/250| 5.80E+04 | 025 | ‘P CNC | 0.00248 Plasticizer -
triacetate on° solvents
DPOF,
Z'Ethy;zi’;ﬂgfhe”y' Dlgﬁg:g#gtcéyl 362.44| 1241-94-7|  C,H,,0,p ; @ Phosphate estlr -80 / 239 1.9 5.76 6.29E-05 Plasticizer
Octicizer - ‘@
Dleé?géigzggcm Be“;gggg'“' 314.34 12‘?7'?52_’(')8/ 10 @ e p Ester 335/225 193 3.04 0.096 Plasticizer
Triethytene glycol | Benzofiex 7150, | 3584 | 120569 | 0 O ey Plasticizer
Dipropylene glycol 27138-31- Q -
dibenzoate Benzoflex TPU 409 342.42 451840 C,oH,,05 ©:W‘\ N 15 3.88 4.6E-07 Plasticizer
ﬁ‘ Soluble in
Proé’%'g:zeoglécoh Benzoflex 284 | 284.3 192214'26' C,H,O, S/ 122"35?/ 23.93 2.77 | Abhate-and | 5 g4e o7 Plasticizer
b Hydrocarbon
2,2,4-trimethyl-1,3- 68052-23- a ;ﬁ .
pentanediol dibenzoate Benzoflex 354 3544 3 CarHze04 Y Plasticizer
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3: List of adhesive related, representative substances for establishing multi-methods and semi-quantitative estimates: Carboxylic acids

Substances CAS RN./ Chemical Chemical /b Water L Provann EU W, |
MW . i emical mp / bp - og . ressure ay to analyse
(g/mol) | PM Ref. Formula structure classification (C) S?:que:l_'ty PO/W Solubility mm Hg Uses Restriction via
Name Synonyms 2 dgeg o (25 deg C)
o
. . ) . . 79-10-7/ Unsaturated 135/ SML(T) =6
Acrylic acid 2-Propenoic acid 72.06 10690 C3H,0; )J\{//CHz Carboxylic acid| 141.2 1.0E+06 0.35 3.97 Monomer molkg
HO
4]
" HPLC-UV, 214 nm
o o 110-17-8 /| HOOCCH=CHCOO — | 287dec/ Soluble in Ethanol ODS column,
Fumaric acid 2-Butenedioic acid| 116.07 17290 H /> /i . Carboxylic acid 522 7000 0.46 and Acetone 0.000154 | Monomer - H. S. Lee, 1093
0]
2-butenedioic acid Py HPLC-UV, 220
-butenedioic aci _ 0 . _ -uv, nm
Maleic acid Cis-butenedioic | 116.07| 110:16-7/] HOOCCH=CHCOO Carboxylic acid| 1305 | 4.41g+05 | -0.48 | SoubleinAloholl 4 5or o5 | \onomer | SMUT) =30 oDs,
. 19540 H and Acetone mgl/kg
acid ” Z EN 13130-24
8]
Adipic acid Hexanedioic acid | 146.14| *25%997) HoOC(CH)COOH | 1 M?° Carboxylic acid] 052 | 3.08E+04 | 0.08 | SOUPlenAcoholl 515807 | Monomer - HPLC
OH
%\ ; /100 HPLC-UV, 242 nm
- - -21- 3 /1009 - -UV,
Terephthalic acid d.1'4bBe“|Z.e“e.d 166.13 102045100/ HOOCGH.COOH }—@—4 Carboxylic acid|  >300/ 15 2 Methanol:01 | 9.2E-06 | Monomer| M- ,k7'5 ODS column
icarboxylic aci i o Acetic acid : 0.013 mgikg EN 13130-2
[a]
N\
oH
' ; 91- 4/100g - HPLC-UV, 242 nm
Isophthalic acid d.1'3bBe“|Z.e“e .y | 166.13 12119%05/ HOOCGH.COOH Carboxylic acid| 347/ 130 1.66 | Methanol:1.06 | 2.6E-08 | Monomer SM"/k 5 ODS column
Icarboxylic acl Acetic acid : 0.23 mg/kg EN 13130-2
~OH
/4
0
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4: List of adhesive related, representative substances for establishing multi-methods and semi-quantitative estimates : Alcohols and Phenols

Substances CAS RN./ Chemical Chemical /b Water Prosaur EU W, |
MW . I emica mp / bp o og - ressure ay to analyse
(g/mol) | PM Ref. Formula structure classification (C) Sorlnukjﬂlty PO/W Solubility mm Hg Uses Restriction via
Name Synonyms 25 c?eg o (25 deg C)
GC-FID, DB-FFAP,
. . Soluble in most EN 13130-7
1,2- 107-21-1/ Aliphatic 13/ organic solvents, Monomer for | SML(T) = 30
Ethylene glycol Dihydroxyethane | 6298 | 16090 CHeO, HO "o dvdric 1973 | LOE06 | 1361 Foorsouberd  0%%% | polyester, PU| mgkg | GC-FID, SPB-1,
and Chloroform Flanagan, Streete, €
al., 1997
Soluble in
OH Aliphati Acetone,
) g iphatic . Chloroform, Ether - -
Propylene glycol éﬁ ’ 76.10 5;3575:18 / CaHiOs HO\)\ dihydric 12‘; ’6 1.0E+06 | -0.92| and Ethanol. 0.129 M‘?”"mer E[J . Gg FID, 2DOE:)3'
ihydroxypropane on alcohol . Miscible with polyester, eng,
3 oxygenated
solvents
Aliphatic Soluble in Alcohol
' ) 110-63-4 / MO~ RIS 20.1/ ) Ible in Alc SML(T) = GC-FID, DB-1
1,4-Butanediol 1,4-Butylene glycol| 90.12 13720 C4H102 OH 2‘2%%2? 235 1.0E+06 0.83 Mli(ggir\::m 0.0105 Monomer 0.05 mg/kg Peng, 2000
Monomer,
additive:
1,2,3-Propanetriol, 56-81-5/ HO/\‘/\OH Polyhydric ) Soluble in Water : humectand ) GC-FID, Rtx-35
Glycerol Glycerin 92.09 18100 C,HO, alcohol 18.2/290| 1.0E+06 1.76 and Alcohol 1.68E-04 (prolongs open NIOSH
OH time)
2,2- 111-46-6/ Aliphatic -10.4/ Miscible with SML(T) = 30 | GC-FID, DB-FFAP
iethylene glycol ihydroxydiethy . 4H1003 ~ - . .OE+ -1. Ethanol, Acetone . olyester
Diethyl glycol Dihyd diethyl | 106.12 15760 C4H10: Ho N oH diol 245.8 1.0E+06 1.47 hanol 0.0057 Pol Ik EN ’13130 7 !
ether, DEG 10 : and Ether mg/kg -
" 9/100g GC-FID, Mtx-I™
13 5 éﬁgei?,%)es NIOSH Manual
. . ! 108-46-3 / 111/ L Resorcinol SML =
Resorcinol D;-hgdéoxybenzgne 110.11 15910 CeHeO2 Phenol 280 7.17E+05 0.8 Acetone : 2_43.3 0.0005 resins 2.4mglkg HPLC-UV 270 nm,
,3-Benzenediol Chroloform : 0.78
o Very soluble in ODS column,
Alcohol and Ether OSHA Manual
=
2-Bromo-2- 59.51-7 / HO I Antibacterial
Bronopol nitropropane-1,3- | 200.01 20460 C;HsBINO, 3( N*\\ 131.5/ 2.5E+05 -0.64 1.26E-05 preservative,
diol HO 0 biocide
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5: List of adhesive related, representative substances for establishing multi-methods and semi-quantitative estimates : Amines

Substances CAS RN./ Chemical Chemical /b water Prosaur EU W, |
MW . [ emical mp / bp - og . ressure ay to analyse
(g/mol) | PM Ref. Formula structure classification () SOIUb/"'ty PO/W Solubility mm Hg Uses Restriction via
Name Synonyms mg/L (25 deg C)
(25 deg C)
Monomer GC-FID, DB-1 or
_Diami -09- Soluble in P _ 100% methylsilicong
(I;I_exa_methylene 16 Dﬁmgxhexane 116.21 12f82204 / CgH16N2 Hi“\/\,/\/\w2 Amine 42102/ 2.46E+06 0.35 alcohols and 1.1 hydcr'olyssf SML/_I(ZA coated column
lamine aromatic solvents _pro ucto mg/kg DIN CEN/TS 13130-
isocyanate 21,2005
LC-MS, APCI+
CHy SRM : 123, 108
NH, Soluble in Hydrolysis Fraunhofer IVV-PA
L . 99/ Alcohol, Ether and
Toluene 2,4-diamine 2,4-TDA 122.17| 95-80-7/ C7HioN2 Amine 292 7.48E+04 0.14 Oxigenated 0.00017 Product of - LC-MS/MS, ESI+
Solvents Isocyanate MRM : 123.1, 108.3
NH, S.K. Mortensen etc
2005
/100 mL (30 deg
Ethanol : 0.06
. HPLC-UV, 230 nm
. 1,3,5-Triazine- 108-78-1/ R . 345dec/ : Acetone : 0.03 3.59-010 Monomer for SML =30 . !
Melamine 2.4.6-triamine 126.12 25420 C3N3(NHy)3 *‘ )\ Amine 3240 1.37 Dimethylformami | (20 deg C)| amino resins mg/kg Amino column,
o~ de:0.01 EN 13130-27
Fah M MHe Ethyl cellosolve :
1.12
) HH,
aminomethyl 555 2855-13-2 . 10/ hycroyss | smi=o | HPLCFL ODS
Isophorone diamine trimethyl 71 170.3 | /19145, CioHs2N2 o Amine 247 25200 19 0.015 roduct of mark EX. : 394, EM. : 480
A 12670 s p 98| Fraunhofer IVV PA
cyclohexane e o, isocyanate
LC-MS, APCI+
SRM : 199, 106
4.4 4,4 MDA, 4,4'- 101-77-9/ HH HH, 925/ Very soluble in Hydrolysis Fraunhofer IVV-PA
. I diaminodiphenzimeg 198.26 CizHiaN; O O Amine . 1000 1.59 | Alcohol, Benzene 2.97 product of - .
Methylenedianiline than 16630 398 and Ketones isocyanate LC-MS/MS, ESI+

MRM :199.1, 105.2
S.K. Mortensen etc,|
2005
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6: List of adhesive related, representative substances for establishing multi-methods and semi-quantitative estimates : Antioxidants

Substances CAS RN./ Chemical Chemical bp | Water Pressur EU w |
MW . i emical mp / bp - og . ressure ay to analyse
(g/mol) | PM Ref. Formula structure classification () S?:que:l_'ty PO/W Solubility mm Hg Uses Restriction via
Name Synonyms 2 dgeg o (25 deg C)
Ha Soluble in
2 6-Di Butvl-a. Toluene, Alcohos,|
-Di-tert-Butyl-4- 8 Acetone
Butylated ’ 128-37-0 Substituted 71/ : - SML=3.0 GC-FID, DB-1
hydroxytoluene Methélll_wenol, 22035 ") 46640 Cast2i0 HgC CH, toluene 265 0.6 51 Ber?;el?]f;ormvlos 0.0052 Antioxidants mg/kg Fraunhofer IVV PA
Hydrocarbon
H:C ToH, g H, e O solvents
% wiw
\ Aceton : 19
Benzene : 57 HPLC-UV 230 nm,
n-Octadecyl-3-(4- 2082-79-3 X |0| ) Chloroform : 57 ODS 2 column
hydroxy-3,5- Irganox 1076 531 / CasHezOs ot N —t—g—cy | Hindered 5o g5 | gooE-09 | 13.41 CClohexane 40l 33g¢ 13| Antioxidants | SME =6 PA_K_1.340
di.tert.butylphenyl)pro DA ol henol Ethanol : 1.5 mg/k
yiphenyhp 68320 —/ P 9/kg (Fraunhofer IVV
pionate ﬁ Ethylacetate : 38
b n-Hexane : 32 method)
/ Methanol : 0.6
Toluene : 50
g/100g solution
Aceton : 1
Chloroform : 36
. <0.01 Cyclohexane : 16 HPLC-UV 230 nm,
Tris(p- 31570-04- ( /100 Ethanol : 0.1 ODS 2 column
tert.butylphenyl) Irgafos 168 646.93 4/ CaHez0sP Aryl phosphite | 183-186/ sglutior?) 17.56 | Ethyl acetate : 4 - Antioxidants - PA_K_1.340
phosphate 74240 M“-l':exa:]e : 01(131 (Fraunhofer IVV
ethanol : <0.
Methylene method)
chloride : 36
Toluene : 30
g/100g solution
) Aceton : 18 HPLC-UV 230 nm,
1,8,5-Trimethyl-2.4.6- | qan0x 1330, 1709-70-2 . Chioroform : 28 0ODS 2 column
tris(3,5-di-tbutyl-4- lonox 330, | 775.21| 1 CaH Hindered 244/ 1.2 17.17| EtVlacetate : 27 3 14 55 | Antioxidant PA_K_1.340
hydroxybenzyl) onox 354, : sabtsOs phenol : : n-Hexane : 10 T ntioxidants ) =T
b Irganox 330 95200 Methanol : 3 (Fraunhofer IVV
enzene :
Methylene method)
chloride : 34
i e 9/100g solution
O Aceton : 47
) _ . . o Chloroform : 71 HPLC-UV 230 nm,
Pentaerythritoltetrakis 6683-19-8 u: ) o Ethanol : 1.5 ODS 2 column
[3-(3,5-di-tert.butyl-4- i b g Sterically Ethyl acetate : 47 o
Irganox 1010 1177.7 / C73H106012 o o . 110-125/| 1.37E-18 1.36 . 1.16E-33 Antioxidants - PA_K_1.340
hydroxyphenyl] A hindered pheno| n-Hexane : 0.3
; 71680 " @ v . (Fraunhofer IVV
propionate v <, Methanol : 0.9
uf ° Methylene method)
p veLan chloride : 63
[ ] oy

Toluene : 60
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7: List of adhesive related, representative substances for establishing multi-methods and semi-quantitative estimates : Other

Substances CAS RN./ Chemical Chemical Ibp | vater Pressur EU w |
MW . i emical mp / bp - og - ressure ay to analyse
(g/mol) | PM Ref. Formula structure classification () SOIUb/"'ty PO/W Solubility mm Hg Uses Restriction via
Name Synonyms mg/L (25 deg C)
(25 deg C) 9
- 0 CH Monomer
' ) Propanoic acid, 105-38-4 / H CW’ N -80/ i SML(T)=6
Vinyl propionate ethenyl ester 100.12 23920 CsHgO, Ester 91.2 10600 1.22 36.6 Poly(vinyl molkg GC
0 esters)
GC-FID, DB-Wax or
o, DB-35
Aromatic Soluble in Monomer NIOSH Manual
Ethenylbenzene, 100-42-5/ X -31/ Alcohol, Ether, for SML=0.6 GC-FID, DB-1
Styrene Vinyl bezene 104.15) "% 4610 Cets a?lgedr:olcbirr?;:r’\e 145 810 2.95 Methanol and 6.4 Synthetic mg/kg S. Kent Hoekman,
Y Acetone rubber, PS 1993
GC-FID, DB 1,
PA M 1 334
GC-FID, DB-Wax or
Solubile in DB-35
Dimethylbenzene, < > Aromatic 13.2/ Alcohol,Ethanol, NIOSH Manual
p-Xylene Methyl toluene 106.17| 106-42-3/ CeHi(CH, e CHa Hydrocarbon 138.5 162 315 Dﬁ?r{;?rgjni:nd 884 Solvent ) GC-FID, DB-1
solvents S. Kent Hoekman,
1993
wt % (20 deg C)
Toluene : 24.2 i
. Monomer GC-FID, CP-Sil 19
| 105-60-2 / ( Amine and 69.3/ 7.72E+05 Ethyl acetate : SML(T) = '
Caprolactam 1,6-Hexalactam 113.1p 14200 CeH1INO | carboxylic acid 270 at 10 deg C 0.66 242 0.0016 for ) 15 mglkg CBor DB 1701
MEK : 34.6 polyamide EN 13130-16
Cyclohexane : 2
W I Monomer
N-Vinyl-2- 1-Vinyl-2- 88-12-0/ 2 VN R 13.5/ for SML =0.05| GC-FID, DB-Wax,
Pyrrolidinone pyrrolidinone 114.14 26230 CeHaNO E | 52100 0.37 0.114 poly(vinyl mg/kg OSHA Manual
o pyrrolidone)
M2 Monomer: GC-FID, DB-Wax or
2-Phenylpropene, 98-83-9/ Aromatic -23.2/ Miscible with : b, DB ax
CL-Methylstyrene a-Methylstyrene 118.18 29910 CgHio hydrocarbon 164.5 116 3.48 Alcohol and Ether! 1.9 Styrene co- - DB-35
HyC polymer NIOSH Manual
[o]
Benzophenone Diphenyl keton 182.23 119-61-9 CiHieO Keton 49/305| 137 3.18 0.00193 Phorgr'“'“at
solvent,
2-(2- ) oo o ) . - . rheolog.
Butoxyethoxy)ethanol | Bul/! diglycol 204.27| 124-17-41|  C,H, 0, h g g ; 32/245| 3.10E+04 | 1.30 | Miscible most 0.04 agent, -
acetate = organic solvents N
acetate brightness
enhancer
4,4'-Dihydroxy- CH, ) HPLC-FL, ODS,
Soluble in Monomer
) 2,2- 80-05-7 / an Q Q o . SML=3 | EX.:235, EM.:317
Bisphenol A diphenylpropane, 228.29 13480 CisH1602 N Phenol 153/ 120 3.32 AIz}Zok;igéine 3.91E-07 forrees’i)r?;(y mglkg DIN CEN/TS 13130
b

BPA

13; 2005
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7: List of adhesive related, representative substances for establishing multi-methods and semi-quantitative estimates : Other (continuing)

Intermediate)

in pigment
production,
photoinitiat
DEAB, cros()srl}nker
4,4'- bis(4-diethyl- (not food
Bis(diethylamino)benz | aminophenyl) 324.46| 90-93-7 GiH2eN0 contact
ophenone methanone, A
Michler's ketone apph;:atlons
o possible
contaminant
in recycling
paper
SML(T) = HPLC-FI !EX. 1 275,
PN 1 mglkg in EM. : 305
2,2-Bis(4- BADGE, 1675.54.3 . Monomer | "G M | or UV 225 nm
glycidyloxyphenyl)pro | Bisphenol A 340.42 /13510 C21H2404 - 8-12/ 3.69 3.84 1.08E-07 | for epoxy ND (DL = ODS2 column
pane diglycidyl ether ] resins 0 020_ PA_M_1_338
/\D" m./k ) (Fraunhofer IVV
9’9 method)
o Fi t HPLC-UV, ODS
) uorescen -
Benzoxazole, 2,2'-(2,5- [ N N Bis Aceton 0.5 res( ) ,
: N . 7128-64-5 //—\\ { 196-202/ Chloroform : 14 whitening 200 nm
thiophenediyl)bis(5- Uvitex OB 430.06 / C,gH,N,0,S >\©: U S v (benzoxazolyl) >350 6.79E-06 8.61 Ethyl acetate : 1 1.72E-12 agent - (Fraunhofer IV
(1,1-dimethylethyl)- o 3 o deriv. n-Hexane : 0.2 method)
Methol : < 0.1
25 - Wettin
" . .,28_) ) o Soluble in agent fgr
Sodium dioctyl Docusate sodium |  445.§3577-11-7 /| CydHzO,SNa A 176/ | 7.10E+04| 6.10 |Alohol Gleeroll 5 17e 41 | waterbased -
sulfosuccinate o I CCl4, Acetone, ;
E Xylene, Hexane emulsion
) (adhesives)
o ¢
2-Octyl-2H-isothiazol- | oetilinone 21334 2%5302%1 c1119N0s : <25 500 2.45 3.68E-05 | biocide
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8: List of adhesive related, representative substances for establishing multi-methods and semi-quantitative estimates : Additional additives

Substances CAS RN/ Chemical Chemical Iop | ater | Pressur EU w. |
MW . [ emica mp / bp o og . ressure ay to analyse
(g/mol) | PM Ref. Formula structure classification () SOlue:l_'ty PO/W Solubility mm Hg Uses Restriction via
Name Synonyms (25mg o (25 deg C)
€9
=1
H,
Organic UV absorber SML(T) =6
(2-hydroxy-4-octoxy-phenyl)- . 1843-05-6 / benzophenone Soluble in g for PE, PP, 1
phenyl-methanone Chimassorb 81 | 326.19 “"g1609 CaiH260s deriv. 45/ 458| 0.6 6.96 | rcetone, Benzend  325F09 | pycEva, | MIk9(19) HPLC-UV
Adhesive
CH.
Ry Ha
2-(2'-Hydroxy-3,5-di-tert- cl Hy . ~
S 3864-99-1/ Soluble in SML(T) = 30
butylphenyl)-5- Tinuvin 327 357.16| " coaao C20H24CIN3O \m Phenol / 469 1.03 6.91 Acetone, Benzend 2E-09 UV absorber markg (19) HPLC
chlorobenzotriazole H
H :
Hylz H,
Hy
H4C Hy
sol. (/100 ml):
Ho 123 g in toluene,
e 87 g in acetone,
ﬁf{;};ﬁ'gg")sl)(“'methyl'G'tert' Irganox 1081 358.54] 90-66-4/ Co:H300.S 5 Hq Phenol /431 - 6.83 | 55 g in hexane, 4.9E-08 Antioxidant - HPLC
52 gin IPA,
HO 30 g in ethanol
Hy insoluble in water
Hy
H,C Ha
H
=
Acrytljc a|Ci2d P ZAe OO 61167-58-6 ne T T TS oy Soluble i SML=6
tert-butyl-2- -58- 3 oluble in o =
hydroxy-5-methylbenzyl)-4- Irganox 3052 394.25 “ 0 CaeH3403 Ester 198/ 470 0.0008 8.40 Acetone 2.74E-10 Antioxidant ma/kg HPLC

methylphenyl ester

HH,

Ha Ha
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8: List of adhesive related, representative substances for establishing multi-methods and semi-quantitative estimates : Additional additives

(continuing)

sol. (9/100 g): 65 -

g toluene, 60 g g':t:jxr'gzwz
dodecyl 3-(3-dodecoxy-3-0xo0- 123-28-4 / Frm o P . e ethyl acetate, 55 ¢ 3 ‘[ SML(T) =5 R
propy)sulfanylpropanoate Irganox PS 800 514.41 “ga100 C3H5504S | Phenol 40/ 240 12.88 acetone, 52 g 1.76E-13 Ph%,ﬁéy;ﬁze mgrkg (21)

heptane; insol. in

water copolymer
N,N'-Bis(3-(3,5-di-tert-butyl-4- B _

. Irganox MD 32687-78- 8 Soluble in 3 L SML =15
zgdroxyphenyl)proplonyl)hydraz 1024 552.39 /38800 Cz4Hs5oN-0, - / 653 8.37 Acetone 1.24E-17 Antioxidant ma/kg HPLC
Soluble in
Triethyleneglycol bis[3-(3-tert- Sterically Acetone,
butyl-4- 36443-68-2 p Chloroform, 3 I SML=9
hydroxy -5-methylphenyl) Irganox 245 586.37| ' 94400 Cs4Hs500s hindered pheno| 79/674 6.55 Dichloromethane, 8.21E-19 | Antioxidant mgrkg HPLC
propionate] Benzene,
Methanol

2,4-Bis(octylmercapto)-6-(4- an. . _
hydroxy-3,5-ditert- Irganox 565 588.39 99:03304 ! Ca3HseNJOS, Phenol /670 12.68 S:gg?;ién 1.33E-18 | Antioxidant S’\rqu/k 30 HPLC
butylanilino)-1,3,5-triazine kg

Soluble in
henyN-[6.3-(3.5 dten by Substtuted ethanol ace
phenyl)-N-[6-[3-(3,5-ditert-butyl- 4 methanol, acetong, o -
4-hydroxy- Irganox 1098 636.49 23;152981;3 7 C4oHeaN204 bggzenepropana 159 /740 8.80 | ethyl acetate, 1.19E-22 | Antioxidant S'\:ql' Ik 45 HPLC
phenyl)propanoylamino]hexyl]pr mide water, benzene, kg
panamide and hexane
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8: List of adhesive related, representative substances for establishing multi-methods and semi-quantitative estimates : Additional additives

(continuing)

Soluble (g/100
ml):

41 g toluene,
A 35.7 g THF,
Bis(2,4-di-tert-butylpheny) 26741-53-7 U 8429 o SML=0.6
pentaerythritoldiphosphite Ultranox 626 640.33| 30000 Ca3Hs006P2 H 175 /556 11.76 %:P;Iogromethane, 8.01E-12 | Antioxidant mgrkg HPLC
gl acetone, 7.3 g
d hexane;
H.E, CHy Insoluble in water
H H. W Hy
2-[2-[3-(3,5-ditert-butyl-4- Soluble in
hydroxy- 41484-35-9 Acetone, . SML=24
phenyl)propanoyloxylethylsulfan| Irganox 1035 642.40 ™ oooq0 CzgHs606S 731659 10.64 Chloroform, 5.38E-18 | Antioxidant malka. HPLC
yllethyl 3-(3,5-ditert-butyl-4- Ethanol, Ethyl 9/kg
hydroxy-phenyl)propanoate acetate
. . Soluble in
1,3,5-tris[(3,5-ditert-butyl-4- o _
hydroxy-phenymethyll-1,3,5- | Irganox 3114 78359 210700201 CudHeN30s 233/757 10.34 | fcetone, Toene, g gop 24 | Antioxidant | M- =5 HPLC
triazinane-2,4,6-trione ichloromethane, ma/kg

Methanol
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9.3. Methods (CEN__ European Committee for Standardization For mat)

Migration estimation of adhesives related substances in food packaging materials by
using analytical multi-method.

Method A for non-volatile substances

Contents

Foreword

Introduction
Scope
Principle
Reagents
Apparatus
Samples
Procedure
Confirmation
Precision

0 Test report

POoo~NOOITA~WNPE

Foreword

This analytical method has been prepared withirctilective reaearch project 030309 WP2b
Migresives “Research programme on migration frorhest/es in food packaging materials
in support of european legislation and standardisatThis method is prepared according to
a CEN standard format.

1 Introduction

The adhesive related substances used for the ntameaof the food packaging
materials can remain in the finished products aag migrate into foodstuffs. They
have different physico-chemical properties concegniolatility and polarity as well
as functional groups. Analysing all adhesive relageibstances with individual
analytical methods for quantification is not marege due to the multitude of
methods which would have to be applied.

Therefore a multi-screening method which coeebsoad range of physico-chemical
properties and a semi-quantitative method usingessal standard substances were
developed for the investigation of the volatile asemi-volatile adhesive related
substances.

2 Scope

This document describes a multi-screening methodtfe non-volatile adhesive
related substances in food packaging materialsaasdmi-quantitative method of
unknown substances by universal standard substances
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4.1

41.1

4.1.2

The method should be also applicable not onlytieradhesives compliance testing
area but also for other migration potentials frommeo material categories for
instance laquers, coatings, printing inks and more.

Principle

For the semi-quantitative approach of the adhessleted substances a multilayer
material is extracted by a solvent which is thealysed by high performance liquid
chromatography (HPLC) combined with a universaledetr (Charged Aerosol
Detector). Unknowns are semi-quantified using theversal internal standard
Tinuvin 234. To enhance the accurancy of the samantfication the relative
response factors (RRF) of many adhesive represaem@mpounds are determined
by HPLC-CAD analysis in relation to Tinuvin 234.

By using these RRF values, a distribution rang85afo coverage level could be
established. The calculation factor that shouldiged for the semi-quantification of
unknown substances could then be derived frondibtsibution range.

NOTE: For this semi-quantitative approach the abllee representatives should be selected
according to the following considerations.

- The selected adhesive related substances shoulgpically used for adhesives formulations and
represent different chemical structures, polaridied molecular weights.

- The maximum molecular weights of the adhesive mgratives are about 1000 g/mol. According
to the Guidelines of th&cientific Committee on Food (SCHubstances with molecular weight
below 1000 g/mol are regarded as toxicologicallgvant, since the substances with a molecular
weight above 1000 g/mol will not be adsorbed inghstrointestinal tract.

- The adhesive representatives should be availableafibration purposes. Therefore low molecular

weight oligomers or other mixtures of substancegiccmot be included in the list. The selected
substances contain monomers, additives and sowenssl

Reagents

NOTE: All reagents should be of recognised anedytijuality unless otherwise stated.
Analytes

Representative adhesive related substancasy P@5 %

See the list presented in Annex A.

NOTE: There is no pure Dipropylene glycol diberteo@PGDB) standard more than purity 95 %
from reagent dealers. As the next best way, DPGDBudty 80 % (technical grade) was purchased
from sigma-aldrich.

Internal standards_2-(2H-benzotriazol-2-yl)-8i§(1-methyl-1-phenylethyl)phenol
(Tinuvin 234)
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4.2

4.2.1

4.2.2

4.2.3

4.2.4.

4.3

43.1

4.3.2

4.3.3

5.1

Chemicals

Acetone

Acetonitrile (HPLC grade)

Methanol (HPLC grade)

Water (HPLC grade)

Solutions

Stock solution of the representative adheslated substances (1 mg/ml)

Weigh to the nearest 0,1 mg approximately 10 miptofa 10 ml volumetric flask,
which contains approximately 10 ml of Acetone orthMmol (Annex A). Make up
to the mark with Methanol and mix carefully.

NOTE : The representative adhesive related subssaciassfy according to application intention or
functional group of substancesclanvenience of analysis groups (Group A ~ G) thedclassified
substances divide into eight go(Group A ~ G) and the detall list presenteckipesated list.

Calculate the correct concentration of each reptatige adhesive related substance.

Internal standard stock solution of 2-(2H-bdnaaol-2-yl)-4,6-bis(1-methyl-1-
phenylethyl)phenol (Tinuvin 234)r{lg/ml)

Weigh to the nearest 0.1 mg, approximately 10 mdiofivin 234 into a 10 ml
volumetric flask. Make up to the mark with Aceton€alculate the correct
concentration of Tinuvin 234.

Standard solutions of the representative adbesiated substances

1, 5, 10, 50, 100, 250 and 500f the standard stock solutions (4.3.1) of each
analysis group (Group A ~ G) at a concentratioaggdroximately 1000 pg/ml were
filled into a series of 10 ml volumetric flasks. & Hasks were filled up to the marks
with Methanol. These standard solutions contaimr@pmately 0.1, 0.5, 1, 5, 10, 25
and 50 pug/ml of each substance.

The standard solutions were spiked with thermatiestandard mixture consisting of
Tinuvin 234 prior to injection for HPLC-CAD.

Calculate the correct concentration of each reptatige adhesive related substance.

Apparatus

NOTE : An instrument or item of apparatus is listedy where it is special or made to a particular
specification, the usual laboratory glassware apdpgnent being assumed to be available.

High performance liquid chromatography equippethvai charged aerosol detector
(CAD) produced b¥ESA Biosciences Inc.
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5.2

6.1

High performance liquid chromatographic pararset

NOTE: HPLC apparatus should be optimised adngrtb manufacturer’s instruction.

High performance liquid chromatograph analyticaluomn packed with a bonded
reverse phase C18 25 cm x 4.6 mm LD 5 um partide silica based packing
maintained at a constant temperature of 4&°C°C. Allow the analytical column
to equilibrate at the correct flow rate for an hour

Appropriate operating conditions @dv be established for the specific equipment
used for the determination.

The following column and chromatographic conditiomsve been found to be
suitable.

Column: HyperClone C18 25 cm x 4,6 mm internal cggan5 um particle
size maintained at a constant 40T °C.

Mobile phase: Acetonitrile and Water gradient

Gradient condition

Time 0 1 25 | 45 | 50 | 60
(min)
A(%) 40 40 0 0 40 Stop
B(%) 60 60 100 100 60
A: Water B: Acetonitrile
Flow rate: 1.0 ml/min
Injector: 20 pl loop
Detection: The CAD was set to a gas pressure gs85one filter mode

and a range of 100 pA

NOTE : 27 substances in 67 representative agheslated substances have been observed with
corresponding retention times as shown in AnneXtg minimum molecular weight of the observed
substances on CAD was 228.29 g/mol (Bisphenol AQweéler, the molecular weights of most
observed substances which could not be detect&”an are below 300 g/mol.

Dipropylene glycol dibenzoate (DPGDB) among thieserved substances is detected with two
separated peaks. The second peak is isomer pdaR@DB and therfore the sum of areas of both

peaks should be taken to calculate the relatieorese factor.
Samples

The samples of food simulants to be analysealat@ned as described in Directive
85/572/EEC “List of simulants” and Directive 97/E& for the basic rules of
migration testing regarding time and temperatureddmns. Samples are to be kept
refrigerated with the exclusion of light.

Test sample preparation
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6.2.

7.1

1.2

7.3

731

732

Filter the migration solutions using a teflon filiaf 0.2um. Transfer 0.95 ml of the
solution into a vial suitable for HPLC injection caspike 0.05 ml of the internal
standard (4.3.2) into the vial.

Blank sample preparation

Treat food simulants which have not been in contattt packaging material in the
same way as described in clause 6.1.

Procedure
HPLC-CAD analysis

Examine the baseline stability aagponse linearity of the detector before starting
measurements.

Maintain the same operating condgiothroughout the measurements of all
calibration solutions prepared in 4.3.3.

Calibration

Inject the calibration solutions jpaeed in 4.3.3.

The calibration samples prepared in 4.3.3 are andlys they are without further
sample treatment.

Identfy of the observed adhesive related substapesdks on the basis of the
retention times and measure the total peak areas.

Obtain the integrated peak areaw@fcalibration solutions of each known adhesive
related substance. Construct the calibration cubyeplotting the peak area ratios
(known adhesive related substance/internal stahdayainst the concentrations of
each known adhesive related substance.

The calibration curves of the unsadrstandard substances should be rectilinear and
the correlation coefficient should be 0,996 ordretind also the calibration line pass
through the origin of the x and y axis. The uniaéitandard substances which are
not met these prerequisites should be excluded fnendata evaluation.

Evaluation of data

HPLC interferences

Following the method described above no interfegenbave been detected in
standard solutions.

Calculation of relative response factor (RR&ues
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The relative response factor (RRFjiefined as signal/concentration ratio between
analyte and the internal standard and can be edézuhs following equation.

Relative Response Factor (RRF)2€2s * C

C, x Area,
Area, : Peak area of analyte AreReak area of the Internal standard
C; : Concentration of analyte is @Concentration of the Internal standard

7.3.3.  Statistical data analysis of relative regeofactor (RRF) values

Normality test

The normality of the data is a pegerisite to estimate the distribution range. The
normality test can be performed by like Wilks Shapest, Ryan-Joiner test and
other methods. For this, various statistical sofen@ackages can be used as follows.

a) MINITAB : Minitab Inc., Pennsylvania, USA
b) SAS: SAS institute, North Carolina, USA

NOTE: Many statistical tests and intervals are base the assumption of normality. However, in
many real cases, the data do not follow a normstridution and therefore it is not possible to
estimate the distribution range. For these non-abdata, an appropriate transformation is needed.
The Box-Cox transformation proposedBgx and Coxs useful. It is defined as follows.

A
Response variable (T) :% if L#0

Response variable (T) Fog«(Y+ 1) if A=0

Where Y is the variable and is the Box-Cox parameter indicating a number tiegiresents the
optimal transformation for correcting non-normalityne optimal value df can be determined by the
Box-Cox plot that gives a correlation between tlwolpd standard deviations (SD) versus the
values. At this time, SD is the Y axis and Lambsldhie X axis. All these procedures for Box-Cox
transformation can be accomplished by usMaitab’ statistical package.

Distribution range estimation

The distribution range can be caltad as follow equations.
Distribution range of responsefactors=p + 1.966 n > 30

Distribution range of responsefactors=p tto n<30

where u is mean of RRF valueg; is standard deviation, t is a t-variable of t-
distribution anch is number of sample.

734 Calculation of unknown adhesive related slses
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8.1

8.2

The RRF values of the universal adhesive relatbdtances are calculated from the
chromatographic results analyzed with HPLC-CAD enmeg method and
established in a distribution range (7.3.3). Fergami-quantitative (or conservative)
estimation, a statistical RRF value can be derivenh the established distribution
range of RRF values. The concentration of unknowbsgnces can be simply
calculated as follows.

Typical estimation using RRF

known

C_ known — Cis x Areag
° Area, x RRF

Area """ : peak area of known analyte

Areg, : peak area of the Internal standard

C. """ concentration of known analyte

C; : concentration of the Internal standard

RRF: average relative response factor of known anatytiefined calibration range

Semi-guantitative estimation using statistical RRF

universal unknown
Cis

x Areag
universal x RRFstatlstlc

C unknown —
S
Areajq
Area """ : peak area of unknown analyte
Areg"""®™® : peak area of the Universal internal standarduiin 234)
¢ "™ concentration of unknown analyte
@""*"® : concentration of the Universal internal stand@iduvin 234)
RRE?"" : statistical relative response factor for semisgitative determination

unknowi

Confirmation
Requirement for confirmation

In cases that a substance in the universal stamdameddetected with two or more
separated peaks, the peaks shall be confirmed lars@parated peaks originated
from the substance, the sum of areas of all peadsld be taken for the calculation
of the relative response factor.

Dipropylene glycol dibenzoate standard in the wsss detected with two separated

peaks. Therefore these peaks shall be confirmedeognethod described in 8.2.
Confirmation by liquid chromatograpyC) using mass spectrometry (MS)

The calibration solutions prepared in section 4dlde reanalysed using LC-MS.

L C conditions

Column HyperClone C18 column (250 x 4.60 mmb particle size)
75 % acetonitrile and 25 % Ammonium acetate byBenM,

Mobile phase pH=3.5)
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Flow rate 0.6 ml/min
Injection volumn 1Qd
Oven Temperature 40 °C

M S conditions

lon source Electron lonization (ESI)
Polarity Positive

Mass range 150 ~ 1000 g/mol

Scan rate 0.5 seconds / mass range

Desolvation temperaturet00 °C

NOTE : Sodium adducts of dipropylene glycol dibesteo(m/z 365) was only confirmed from the
mass spectra. Therefore, the second peak was fiddnds isomer peak of dipropylene glycol
dibenzoate. For the calculation of the relativepoese factors, the sum of areas of both peaks was
taken.

9 Precision

The within-laboratory detection limits (WDL) of thealibrated, based on the
calibration curve method according to DIN 32645revimund to be in the range of
0.2 — 2.6ug/ml.

10 Test report

The test report shall contain as a minimum, thieahg :

- date of analysis and reporting ;

- clear identification of the test laboratory and tesponsible analyst;

- universal standard substances (representative imdhretated substances) and
test method,;

- sample details like origin and specification, tyge
food/simulant/material/article, receptionejaind storage condition;

- results expressed in milligram unknown substaneegippgram food simulant
or packaging material.
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(informative)

Annex A

List of known adhesive related substances as catalidfor universal
development of screening methods.

standards for

Classification | Nr. Name Synonyms MW (g/mol) | CASNr. | Manufacturer | Purity (%) | g 0%,
1 |Acrylic acid methyl ester Methyl acrylate 86.09 96-33-3 Aldrich >99 % MeOH
2 |Acrylic acid ethyl ester Ethyl acrylate 100.11 0188-5 Aldrich >99 % MeOH
Group A 3 |2-Methylacrylic acid methyl ester Methyl methdatg 100.11 80-62-6 Aldrich 99 % MeOH
4 [2-Methyl-2-propenoic acid ethyl ester Ethyl metlyéate 114.14 97-63-2 Aldrich 99 % MeOH
Acrylate 5 |Acrylic acid butyl ester Butyl acrylate 128.18 1132-2 Aldrich >99 % MeOH
6 [Methacrylic acid, butyl ester Butyl methacrylate 142.19 97-88-1 Aldrich 99 % MeOH
7 |2-ethylhexyl prop-2-enoate Ethylhexyl acrylate 478 1322-13-0 Fluka > 98 % MeOH
8 |Diisobutyl phthalate DIBP 278.35 84-69-5 Merck 98 % MeOH
9 |Dibutyl phthalate DBP 278.35 84-74-2 Merck >98 % MeOH
10 |[Bis(2-ethylhexyl) phthalate DEHP or DOP 390.56 BI77 Merck >98 % MeOH
11 |Diethylhexyl adipate DEHA 370.57 103-23-1 Merck >98 % MeOH
Group B 12 |Glycerol triacetate Triacetin 218.20 102-76-1 Sigma >99 % MeOH
13 |2-Ethylhexyl diphenyl phophate Phosflex 362 362.44 | 1241-94-7 | Riedel-de-Haén 99 % MeOH
Plasticizers 14 |Diethylene glycol dibenzoate DEGDB 314.34 1205518 Aldrich 96 % MeOH
15 |Triethylene glycol dibenzoate TEGDB 358.40 120-56{9  Aldrich 99 % MeOH
16 |Dipropylene glycol dibenzoate DPGDB 342.42 27138431l Aldrich 80 % MeOH
17 |Propylene glycol, dibenzoate Bezoflex 284 284.3 24926-1 Aldrich > 06 % MeOH
18 |2,2,4-Trimethyl-1,3-pentanediol dibenzoate Benzo884 354.45 68052-23- Aldrich >99.9 % MeOH
19 |2-Propenoic acid Acrylic acid 72.06 079-10-f Aldiric >99 % MeOH
20 |trans-Butenedioic acid Fumaric acid 116.07 110-17-8  Aldrich >99 % MeOH
Group C 21 |cis-Butenedioic acid Maleic acid 116.07 110-167 dridh >99 % MeOH
Carboxylic acid 22 |Hexanedioic acid Adipic acid 146.14 124-04-p Aldiric 99 % MeOH
23 (1,4-Benzene-dicarboxylic acid Terephthalic acid .186 100-21-0 Fluka >99 % MeOH
24 |1,3-Benzene-dicarboxylic acid Isophthalic acid 166. 121-91-5 Fluka 99 % MeOH
25 (1,2-Dihydroxyethane Ethylene glycol 62.06 107-21{1 Fluka >99.5% MeOH
26 |(1,2-Dihydroxypropane Propylene glycol 76.1 57-55-6 Fluka >99.5% MeOH
Group D 27 |1,4-Butanediol 1,4-Butylene glycol 90.12 110-63-¢ Fluka 99 % MeOH
28 (2,2'-Dihydroxydiethyl ether Diethylene glycol 10@.1 111-46-6 Fluka >99 % MeOH
Alcohol 29 [1,3-Benzenediol Resorcinol 110.11 108-4613 Fluka 999 MeOH
30 |1,2,3-Propanetriol Glycerol 92.09 56-81-5 Sigmeriald | >99.5% MeOH
31 [2-Bromo-2-nitropropane-1,3-diol Bronopol 200.01 -5Rr7 Riedel-de-Haé 99.9 % MeOH
32 |Hexamethylenediamine HMDA 116.21 124-09-4 Fluka 999 MeOH
Group E 33 [Toluene 2,4-diamine 2,4-TDA 122.17 95-80-1 Aldrich 98 % MeOH
34 |1,3,5-Triazine-2,4,6-triamine Melamine 126.12 1@817 Fluka >99 % MeOH
Amine 35 [Isophorone diamine IPDA 170.3 2855-13{2  Fluka >99 % MeOH
36 [4,4'-Methylenedianiline 4,4 MDA 198.26 101-77-9 Kéu >97 % MeOH
37 |2,6-Di-tert-butyl-4-methylphenol BHT 220.35 128-87- Merck >99 % MeOH
38 ﬁ‘;{?ﬁ)ﬁ(‘;}fgﬁgﬁ éﬁf&g;’;‘i‘aﬁg'mhy')' Irganox 1076 531 2082-79- Ciba . Acetone
39 (2,4-Bis (1,1 dimethylethyl) phenyl-phosphite Irgaft68 646.93 31570-04-¢ Ciba - Acetone
40 [1,3,5-Trimethyl-2,4,6-tris(3,5-di-t-butyl-4- Irganox 1330 775.21 1709-70-2 Ciba - Acetone
hydroxybenzyl) benzene
41 I;’grz‘;';p[r’]":n‘;‘g 'e';i;égati]mtﬁ:%“ Irganox 1010 11777 6683-19- Ciba . Acetone
56 |((2-hydroxy-4-octoxy-phenyl)-phenyl-methanong  Chismab 81 326.19 1843-05-6 Ciba - Aceton
57 [5(2-Hydroxy 3,5 ditert-butylpheny)-S- Tinuvin 327 357.16 3g64.99.]  Cba - Aceton
58 ﬁ;?r’gi;g'dmgﬂt]‘;ﬁ)gﬁxnﬂ‘(?nﬁﬁyﬁ’:xnzyl estor [TGaN0X 3052 30425 | 6116758 CP2 - Aceton
59 (2,2'-Thiobis(4-methyl-6-tert-butylphenol) Irgano®@8iL 358.54 1709-70-2 Ciba - Aceton
Group P 6o |dodecyl 3-(3-dodecoxy-3-oxo- Irganox PS 800 514.41 123-28-4 Ciba - Aceto
Antioxidants propyl).suIfanylpr(_)panoate i
61 ”yg‘roi';éie(gy?)gr'gsgn@‘f)‘%"ygrazI o Irganox MD 1024 552.39 3268778l Ciba ; Aceton
62 I";‘m:;“;%ﬁ Oli)ifgﬁ'a(tzite”'b”ty"“'hydmxy Hrganox 245 586.37 3644368  Cba ; Aceton
63 ﬁh‘;f;ﬁﬁﬁg'_’fi?ﬂg;gé(“'hyd’“XV'S'S'd“e”‘ Irganox 565 588.39 9o1-84-4  Cib3 - Aceton
3-(3,5-ditert-butyl-4-hydroxy-phenyl)-N-[6-[3-
64 |(3,5-ditert-butyl-4-hydroxy- Irganox 1098 636.49 23128-7447 Ciba - Aceton
phenyl)propanoylamino]hexyl]propanamide
65 Sésrfég;%ﬁglgwg’;‘;h%) Uttranox 626 640.33 26741537  Ciba - Aceton
2-[2-[3-(3,5-ditert-butyl-4-hydroxy-phenyl)
66 |propanoyloxy]ethylsulfanyllethyl 3-(3,5-ditert- [Irganox 1035 642.40 41484-35{9 Ciba - Aceton
butyl-4-hydroxy-phenyl)propanoate
67 |L35risl(3,5-ditert-butyl-4-hydroxy- Irganox 3114 783.52 27676-62)6  Ciba . Aceton

phenyl)methyl]-1,3,5-triazinane-2,4,6-trione
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Continued Annex A

Group G

Others

42 |Propanoic acid, ethenyl ester Vinyl propionate .10 105-38-4 Fluka >98 % MeOH
43 |Ethenylbenzene Styrene 104.15 100-42t5 Aldrich 99 ¢ MeOH
44 |Dimethylbenzene p-Xylene 107.17 106-42-8 RiedeHadé&n 99.9 % MeOH
45 |1,6-Hexalactam Caprolactam 113.16 105-60t2 Fluka 99 %% MeOH
46 |N-Vinyl-2-pyrrolidinone 1-Vinyl-2-pyrrolidinone 114.14 88-12-0 Acros 99 % MeOH
47 |2-Phenylpropene a-Methylstyrene 118.18 98-83-9 Aldrich 99 % MeOH
48 |Diphenyl keton Benzophenone 182.23 119-61t9 Aldrich| >99 % MeOH
49 |2-(2-Butoxyethoxy)ethanol acetate Butyl diglycoétate 204.27 124-17-4 Aldrich >99.29 MeOH
50 [2-Octyl-2H-isothiazol-3-one Octhilinone 213.34 268%-1 | Riedel-de-Haén 99 % MeOH
51 |4,4'-Dihydroxy-2,2-diphenylpropane, Bisphenol A 2] 80-05-7 Fluka 97 % MeOH
52 |Methanone, bis(4-(diethylamino)phenyl)- gggﬁgﬁﬁg?’gg‘g; 324.46 90-93-7 Aldrich >99 % MeOH
53 [Bisphenol A diglycidyl ether BADGE 340.42 1675-5443 Fluka 97 % MeOH
54 gfn:‘;;’;‘;ﬂ%_z’zl'(z’5"h'°phe”8d'y') bis(5-(L.4yyitex 0B 430.06 7128-64-5  Ciba . MeOH
55 [Sodium dioctyl sulfosuccinate Docusate sodium 435.6 577-11-7 Sigma >99 % MeOH
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Annex B
(informative)

Retention time of representative adhesive relatibdtances detected by HPLC-CAD.

Classification| Nr. Substances (g;ln\?(l)l) Retention time (min)
1 |Diethylhexyl phthalate 390.56 25.3
2 |Diethylhexyl adipate 370.57 25.4
3 |2-ethylhexyl diphenyl phosphate 362.44 16.3
Group B 4 |Diethylene glycol dibenzoate 314.34 7.3
Plasticizers 5 |Triethylene glycol dibenzoate 358.40 7.3
6 |Dipropylene glycol dibenzoate 342.42 10.7/10.9
7 |Propylene glycol dibenzoate 284.3 9.3
8 |2,2,4-trimethyl-1,3-pentanediol dibezoate 354.45 16.3
9 |lrganox 1076 531 42.8
10 (Irgafos 168 646.93 46.9
11 (Irganox 1330 775.21 33.0
12 |Irganox 1010 1177.7 30.7
13 |Chimasorb 81 326 22.5
14 |Tinuvin 327 357.16 27.6
Group F 15 |Irganox 1081 358.5 20.9
16 |Irganox 3052 394.25 21.1
Antioxidants| 17 |Irganox PS 800 515 37.9
18 |Irganox MD 1024 552.39 13.9
19 (Irganox 245 586.37 13.0
20 |lIrganox 565 588.4 36.9
21 |lrganox 1098 637 15.3
22 |Ultranox 626 640.3 30.2
23 |lIrganox 1035 642 23.7
24 |lIrganox 3114 784 26.2
25 |Bisphenol A 228.29 3.8
Group G 26 |4,4'-bis (diethylamino)benzophenone 324.46 13.1
27 BADGE 340.42 7.9
Others I 25 |uvitex OB 430.06 26.4
29 |Docusate sodium 445.63 -
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9.4. Methods (CEN__ European Committee for Standardization For mat)

Migration estimation of adhesives related substances in food packaging materials by
using analytical multi-method.

Method B for volatile and semi-volatile substances
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Foreword

This analytical method has been prepared withirctilective reaearch project 030309 WP2b
Migresives “Research programme on migration frorhest/es in food packaging materials
in support of european legislation and standardisatThis method is prepared according to
a CEN standard format.

1 Introduction

The adhesive related substances used for the ntameaof the food packaging
materials can remain in the finished products aag migrate into foodstuffs. They
have different physico-chemical properties concegniolatility and polarity as well
as functional groups. Analysing all adhesive relageibstances with individual
analytical methods for quantification is not marege due to the multitude of
methods which would have to be applied.

Therefore a multi-screening method which coeebsoad range of physico-chemical
properties and a semi-quantitative method usingessal standard substances were
developed for the investigation of the volatile asemi-volatile adhesive related
substances.

2 Scope

This document describes a multi-screening methothio volatile and semi-volatile
adhesive related substances in food packaging malateand a semi-quantitative
method for unknown substances by using univeraaldstrd substances.
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4.1

4.1.1

4.1.2

4.2

The methods are applicable not only for the adlessoompliance testing area but
also for the determination of migration potentifatsn other material categories like
laquers, coatings, printing inks and more.

Principle

For the semi-quantitative approach of the adhessleted substances a multilayer
material is extracted by a solvent which is thealgsed by gas chromatography
(GC) equipped with a universal flame ionisationedédr (FID). Unknowns are
semi-quantified using the universal internal stadd®HA. To enhance the
accurancy of the semi-quantification the relatiesponse factors (RRF) of many
adhesive representative compounds are determingal(s¥#1D analysis in relation
to BHA.

By using these RRF values, a distribution rang85af6 coverage level could be
established. The calculation factor that shouldiged for the semi-quantification of
unknown substances could then be derived frondiktsibution range.

NOTE: For this semi-quantitative approach the atllee representatives should be selected
according to the following considerations.

- The selected adhesive related substances shoulgpisally used for adhesives formulations and
represent different chemical structures, polariied molecular weights.

- The maximum molecular weights of the adhesive grgtives are about 1000 g/mol. According
to the Guidelines of th&cientific Committee on Food (SCHubstances with molecular weight
below 1000 g/mol are regarded as toxicologicallgvant, since the substances with a molecular
weight above 1000 g/mol will not be adsorbed inghstrointestinal tract.

- The adhesive representatives should be availableafibration purposes. Therefore low molecular

weight oligomers or other mixtures of substancaddmot be included in the list. The selected
substances contain monomers, additives and sowenssl

Reagents

NOTE: All reagents should be of recognised wit!| quality unless otherwise stated.
Analytes

55 Representative adhesive related substaRoesy >95 %

The list presented in Annex A.

NOTE: There is no pure Dipropylene glycol diberteo@dPGDB) standard more than purity 95 %
from reagent dealers. As the next best way, DPGDRudty 80 % (technical grade) was purchased
from sigma-aldrich.

Internal standards_3-tert.-butyl-4-hydroxy-ates(BHA), Purity >98%

Chemicals
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421  Acetone

422 Dichloromethane

4.3 Solutions

4.3.1  Stock solution of 55 representative adhesilated substances (1 mg/ml)

Weigh to the nearest 0,1 mg approximately 10 mgsufstance into a 10 ml
volumetric flask, which contains approximately 10| nof Acetone or
Dichloromethane (Annex A). Make up to the mark witithloromethane and mix
carefully.

NOTE : The representative adhesive related subssarce classfied according to application
intention and functional group of substances orveaience of analysis groups (Group A ~ G, see
Annex A)

Calculate the correct concentrabbeach representative adhesive related substance.
4.3.2 Internal standard stock solution of 3-tert.ybdt-hydroxy-anisole (BHA) (1 mg/ml)
Weigh to the nearest 0.1 mg, approximately 10 mBHA into a 10 ml volumetric
flask. Make up to the mark with dichloromethane. IcGlate the correct
concentration of BHA.
4.3.3 Standard solutions of 55 representative adbasihated substances
1, 5, 10, 50, 100, 250 and 5@0 of the standard stock solutions (4.3.1) of each
analysis group (Group A ~ G) at a concentratioagroximately 1000 pg/ml were
filled into a series of 10 ml volumetric flasks. & Hasks were filled up to the marks

with dichloromethane. These standard solutionsainrapproximately 0.1, 0.5, 1, 5,
10, 25 and 50 pg/ml of each substance.

The standard solutions were spiked with the infestendard mixture consisting of
BHA prior to injection for GC-FID.

Calculate the correct concentration of each reptatige adhesive related substance.
5 Apparatus

NOTE: An instrument or item of apparatus is listedy where it is special or made to a particular
specification, the usual laboratory glassware apdpgnent being assumed to be available.

51 Gas chromatograph, equipped with a flame idioisaletector (FID)
52 Gas chromatographic parameters
Gas chromatographic columns coated with 100 % dipheolysilioxane are

available, for example DB-1, Rtx-1, SPB-1, HP-1,-ATBP-1, CP-sil 5 CB and
OV-1.
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6.1

6.2.

7.1

1.2

Appropriate operating conditions @doe be established for the specific equipment
used for the determination.

The following chromatographic conditions have b&emd to be suitable.

A wall coated open tubular (WCOT) column coated hwit

Column 100 %-dimethylpolysilioxane 30 m x 0.32 mm i.d. 2% pum
film thickness

Carrier gas&k flow rate He, 1.5 ml/min (constant flow)

Injector temperaturé& mode 300°C with split ratio 20:1

Injection volume sl

Detector temperature 320 °C

Oven temperature 40 °C (4 min), rate 5 °C / mi 3C (10 min)

NOTE : 46 substances in 55 representative adhesiaded substances have been observed with
corresponding retention times as shown in AnnexirBanox 1010, Melamine, Bronopol and 6
carbolylic acids among the 55 substances haveewt etected by the chromatographic condition in
calibration range.

Samples

The samples of food simulants to be analysed a@reul as described in Directive
85/572/EEC “List of simulants” and Directive 97/E& for the basic rules of
migration testing regarding time and temperatureddmns. Samples are to be kept
refrigerated with the exclusion of light.

Test sample preparation

Filter the migration solutions using a teflon filief 0.2um. Transfer 0.95 ml of the
solution into a vial suitable for GC injection asgike 0.05 ml of the internal
standard (4.3.2) into the vial.

Blank sample preparation

Treat food simulants which have not been in contattt packaging material in the
same way as described in clause 6.1.

Procedure
GC-FID analysis

Examine the baseline stability and response libeafithe detector before starting
measurements.

Maintain the same operating conditions throughdut tmeasurements of all
calibration solutions prepared in 4.3.3.

Calibration
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7.3

731

732

7.3.3.

Inject the calibration solutions prepared in 4.3.3.

The calibration samples prepared in 4.3.3 are apdlys they are without further
sample treatment.

Identfy 55 adhesive related substances peaks opatbie of the retention times and
measure the total peak areas.

Obtain the integrated peak areas of the calibrag@utions of each known adhesive
related substance. Construct the calibration cubyeplotting the peak area ratios
(known adhesive related substance/internal stahdayainst the concentrations of
each known adhesive related substance.

The calibration curves of the universal standatessg&ances should be rectilinear and
the correlation coefficient should be 0,996 ordretind also the calibration line pass
through the origin of the x and y axis. The unie¢istandard substances which do
not meet these prerequisites should be excluded tihe data evaluation.

Evaluation of data

GC interferences

Following the method described above no interfegenbave been detected in
standard solutions.

Calculation of relative response factor (RR&ues

The relative response factor (RRFjiefined as signal/concentration ratio between
analyte and the internal standard and can be eaézubs following equation.

Relative Response Factor (RRFY2€: *Cis

C, x Area,
Area, : Peak area of analyte AreReak area of the Internal standard
C; : Concentration of analyte is @Concentration of the Internal standard

Statistical data analysis of relative regmfactor (RRF) values

Normality test

The normality of the data is a pgerisite to estimate the distribution range. The
normality test can be performed by like Wilks Shapiest, Ryan-Joiner test and
other methods. For this, various statistical sofen@ackages can be used as follows.

a) MINITAB : Minitab Inc., Pennsylvania, USA
b) SAS : SAS institute, North Carolina, USA

NOTE: Many statistical tests and intervals are Hase the assumption of normality. However, in
many real cases, the data do not follow a normstridution and therefore it is not possible to
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734

estimate the distribution range. For these non-abdata, an appropriate transformation is needed.
The Box-Cox transformation proposedBgx and Coxs useful. It is defined as follows.

A
Response variable (T) =% if A0

Response variable (T) Fog¢(Y+ 1) if A=0

Where Y is the variable and is the Box-Cox parameter indicating a number tlegresents the
optimal transformation for correcting non-normalifjne optimal value df can be determined by the
Box-Cox plot that gives a correlation between tlwlpd standard deviations (SD) versus the
values. At this time, SD is the Y axis and Lambslahie X axis. All these procedures for Box-Cox
transformation can be accomplished by usMaitab’ statistical package.

Distribution range estimation

The distribution range can be catad as follow equations.

Distribution range of responsefactors=p + 1.966 n > 30
Distribution range of responsefactors=p tto n<30

where 1 is mean of RRF values; is standard deviation, t is a t-variable of t-
distribution anch is number of sample.

Calculation of unknown adhesive related slses

The RRF values of the universal adhesive relatbdtances are calculated from the
chromatographic results analyzed with GC-FID sdregmethod and established in
a distribution range (7.3.3). For the semi-quatitiéa(or conservative) estimation, a
statistical RRF value can be derived from the distadd distribution range of RRF

values. The concentration of unknown substances bearsimply calculated as

follows.

Typical estimation using RRF

known
c_known — Cis x Areag
s
Area;; x RRF

knowr

Area : peak area of known analyte

Areg, : peak area of the Internal standard

C.*""': concentration of known analyte

C;s : concentration of the Internal standard

RRF: average relative response factor of known anaftytiefined calibration range

Semi-quantitative estimation using statistical RRF

universal unknown
Cis

x Areag

C unknown —
s universal RRFstatistic

Areajq
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8.1

8.2

unknowi

Area : peak area of unknown analyte
universa .

Areg : peak area of the Universal internal standardABH

c'"™ ™" concentration of unknown analyte

= ""¢"%@ : concentration of the Universal internal stand@HA)

RRE?"" : statistical relative response factor for semisgitative determination

Confirmation

Requirement for confirmation

In order to derive information on leaular weight of an unknown peak observed by
the GC-FID screening method in real samples, ttk@aowmn peak shall be confirmed
by the method described in 8.2.

Confirmation using retention indices

The information on molecular weight of an unknowrbstance can be derived
through comparison between the retention indicesrounknown substance in a
sample mixture and that of known substance. Thentiein indices are only
influenced by the kind of the column stationary g@aand therefore gas
chromatographic columns coated with 100 % dimetblykilioxane should be used
for the determination of retention indices. Theilraktion solutions prepared in
section 4.3 and C6 — C40 n-alkane mixture shatebealysed according to 5.2.

The retention indices can be calculated as follgvaquation.

X =M

Mmn+1—M®m)

RI =1000 +100n

RI : retention index
Xretention time of analyte
:mumber of carbon atoms in the n-alkanes
M) : retention time of n-alkane with n carbon atorieg before X

M1 : retention time of n-alkane witm{1) carbon atoms eluting after X

NOTE : The retention indices of the universal stadd were calculated by using the homologous
series of n-alkane ..., as reference substances. The calculated retemitines are given in
Annex B.

Precision

The within-laboratory detection limits (WDL) of tlealibrated substances, based on
the calibration curve method according to DIN 326486re found to be in the range
of 0.2 — 2.6ug/ml.
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10 Test report

The test report shall contain as a minimum, thieahg :

- date of analysis and reporting ;

- clear identification of the test laboratory and tesponsible analyst;

- universal standard substances (representative imdhretated substances) and
test method,;

- sample details like origin and specification, tyge
food/simulant/material/article, receptionejaind storage condition;

- results expressed in milligram unknown substaneegippgram food simulant
or packaging material.
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Annex A

(informative)

List of known adhesive related substances as catafidfor universal
development of screening methods.

standards for

Classification | Nr. Name Synonyms MW (g/mol) | CAS-Nr. | Manufacturer | Purity (%) |3 isn"'”“o"
1 Acrylic acid methyl ester Methyl acrylate 86.09 96-33-3 Aldrich >99 % DCM Y
2 Acrylic acid ethyl ester Ethyl acrylate 100.11 0188-5 Aldrich >99 % DCM
Group A 3 2-Methylacrylic acid methyl ester Methyl methdatg 100.11 80-62-6 Aldrich 99 % DCM
4 2-Methyl-2-propenoic acid ethyl ester Ethyl metiytate 114.14 97-63-2 Aldrich 99 % DCM
Acrylate 5 |Acrylic acid butyl ester Butyl acrylate 128.18 1132-2 Aldrich >99 % DCM
6 Methacrylic acid, butyl ester Butyl methacrylate 142.19 97-88-1 Aldrich 99 % DCM
7 2-ethylhexyl prop-2-enoate Ethylhexyl acrylate 108 1322-13-0 Fluka > 98 % DCM
8 Diisobutyl phthalate DIBP 278.35 84-69-5 Merck 98% DCM
9 Dibutyl phthalate DBP 278.35 84-74-2 Merck >98 % DCM
10 |Bis(2-ethylhexyl) phthalate DEHP or DOP 390.56 | 17-B1-7 Merck >98 % DCM
11  |Diethylhexyl adipate DEHA 370.57 103-23-1  Merck >98 % DCM
Group B 12 |Glycerol triacetate Triacetin 218.20 102-7641 gnsa >99 % DCM
13 2-Ethylhexyl diphenyl phophate Phosflex 362 382. 1241-94-7 | Riedel-de-Haé 99 % DCM
Plasticizers 14 |Diethylene glycol dibenzoate DEGDB 314.34 12858  Aldrich 96 % DCM
15 | Triethylene glycol dibenzoate TEGDB 358.40 1B0%5 Aldrich 99 % DCM
16 |Dipropylene glycol dibenzoate DPGDB 342.42 2733&4 Aldrich 80 % DCM
17  |Propylene glycol, dibenzoate Bezoflex 284 284.3 | 19224-26-1 Aldrich > 96 % DCM
18 |2,2,4-Trimethyl-1,3-pentanediol dibenzoate Béleza354 354.45 68052-23-3  Aldrich >99.9 % DCM
19  [2-Propenoic acid Acrylic acid 72.06 079-1047 rAdt >99 % DCM
20 |trans-Butenedioic acid Fumaric acid 116.07 1131 Aldrich > 99 % DCM
Group C 21 |cis-Butenedioic acid Maleic acid 116.07 110-167  Aldrich >99 % DCM
Carboxylic acid 22 |Hexanedioic acid Adipic acid 146.14 124-04{9 ridd 99 % DCM
23 |1,4-Benzene-dicarboxylic acid Terephthalic acid 166.13 100-21-0 Fluka >99 % DCM
24 |1,3-Benzene-dicarboxylic acid Isophthalic acid 66.13 121-91-5 Fluka 99 % DCM
25 |1,2-Dihydroxyethane Ethylene glycol 62.06 107421 Fluka >99.5% DCM
26 |1,2-Dihydroxypropane Propylene glycol 76.1 57655 Fluka >99.5% DCM
Group D 27  |1,4-Butanediol 1,4-Butylene glycol 90.12 110463 Fluka 99 % DCM
28 |2,2-Dihydroxydiethyl ether Diethylene glycol aa2 111-46-6 Fluka >99 % DCM
Alcohol 29 |1,3-Benzenediol Resorcinol 110.11 108-46}3 Fluka| >99% DCM
30 |1,2,3-Propanetriol Glycerol 92.09 56-81- Sigatdrich | >99.5 % DCM
31 |2-Bromo-2-nitropropane-1,3-diol Bronopol 200.01 52-51-7 | Riedel-de-Haén 99.9 % DCM
32  [Hexamethylenediamine HMDA 116.21 124-09{4 Fluka >99 % DCM
Group E 33 |Toluene 2,4-diamine 2,4-TDA 122.17 95-80- Adtiri 98 % DCM
34 |1,3,5-Triazine-2,4,6-triamine Melamine 126.12 8-118-1 Fluka > 99 % DCM
Amine 35 |Isophorone diamine IPDA 170.3 2855-13t2  Fluka >99 % DCM
36 |4,4-Methylenedianiline 4,4 MDA 198.26 101-77- Fluka >97 % DCM
37  |2,6-Di-tert-butyl-4-methylphenol BHT 220.35 138-0 Merck >99 % DCM
38 2@;‘3};’&g;‘;‘ﬁét}gg;“;ggg'emyn' Irganox 1076 531 2082-79- Ciba . Acetone
Group F 39 [2,4-Bis (1,1 dimethylethyl) phenyl-phosphite digs 168 646.93 31570-0444 Ciba - Acetone
Antioxidants 40  [1,3,5-Trimethyl-2,4,6-tris(3,5-di-t-butyl-4-  |irganox 1330 775.21 1709-70-p  Ciba - Acetone
hydroxybenzyl) benzene
Tetrakis [methylene-3 (3°,5"-di-t-butyl-4-
41 |hydroxyphenyl) Irganox 1010 1177.7 6683-19-8 Ciba - Acetone
propionate] methane
42 |Propanoic acid, ethenyl ester Vinyl propionate 100.12 105-38-4 Fluka > 98 % DCM
43  |Ethenylbenzene Styrene 104.15 100-42-5 Aldrich| 9 %0 DCM
44 | Dimethylbenzene p-Xylene 107.17 106-42{3  RietteHaén 99.9 % DCM
45 |1,6-Hexalactam Caprolactam 113.16 105-60-2 Fluka| >99 % DCM
46 |N-Vinyl-2-pyrrolidinone 1-Vinyl-2-pyrrolidinont 114.14 88-12-0 Acros 99 % DCM
47 | 2-Phenylpropene a-Methylstyrene 118.18 98-83-9 Aldrich 99 % DCM
Group G 48 | Diphenyl keton Benzophenone 182.23 119-61-9 iéthdr >99 % DCM
49 | 2-(2-Butoxyethoxy)ethanol acetate Butyl diglyeoktate 204.27 124-17-4 Aldrich >992% DCM
Others 50 |2-Octyl-2H-isothiazol-3-one Octhilinone 213.34 | 6530-20-1| Riedel-de-Haén 99 % DCM
51 |4,4-Dihydroxy-2,2-diphenylpropane, Bisphenol A 228.29 80-05-7 Fluka 97 % DCM
52  [Methanone, bis(4-(diethylamino)phenyl)- 3;1-2%';(1(2%?23?3;23 324.46 90-93-7 Aldrich >99 % DM
53 |Bisphenol A diglycidyl ether BADGE 340.42 1675-3 Fluka 97 % DCM
54 Sﬁ:‘;ﬁﬁ;ﬂa’)_&z'(z'5"hi°phe”9diy') bis(>-(Ldiitex 0B 430.06 7128-645  Ciba . DM
55 |Sodium dioctyl sulfosuccinate Docusate sodium 5.63 577-11-7 Sigma >99 % DCM

D' DCM : Dichloromethane
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Annex B
(informative)

Retention data of representative adhesive relatlstances detected by GC-FID.

Classification Nr Substances M oler(:;/lriro\ll;leight Retention indices Rete&i;)nn)time
1 Methyl acrylate 86.09 - 1.56
2 Ethyl acrylate 100.11 621 2.06
3 Methyl methacrylate 100.11 628 221
i’c‘;‘l’;: 4 Ethyl methacrylate 114.14 673 3.30
5 Butyl acrylate 128.18 877 6.29
6 Butyl methacrylate 142.19 964 9.10
7 Ethylhexyl acrylate 184.28 1212 16.69
8 Glycerol triacetate 218.2 1308 19.34
9 Diisobutyl phthalate 278.35 1821 30.87
10 Dibutyl phthalate 278.35 1911 32.63
11 Propylene glycol dibenzoate 284.3 2091 35.85
12 Diethylene glycol dibenzoate 314.34 2390 40.80
poroup g 13 | Dipropylene glycol dibenzoate 342.42 2406 41.04
14 2,2,4-Trimethyl-1,3-pentanediol dibenzoate 354.4 2439 41.50
15 Triethylene glycol dibenzoate 358.4 2671 44.92
16 Phosflex 362 362.44 2368 40.54
17 Diehtylhexyl adipate 370.57 2371 40.58
18 Diethylhexyl phthalate 390.56 2502 42.58
19 Ethylene glycol 62.06 621 2.09
20 Propylene glycol 76.1 639 2,51
Group C 21 1,4-Butanediol 90.12 916 7.60
Alcohol 22 Glycerol 92.09 979 10.05
23 Diethylene glycol 106.12 933 8.14
24 Resorcinol 110.11 1249 17.84
25 Hexamethylene diamine 116.21 1064 12.14
Group D 26 Toluene -2,4 -diamine 122.17 1334 19.55
Amines 27 4,4-Methylenedianiline 250.25 2046 34.74
28 Isophorondimamine 170.3 - 18.74/19.14
29 2,6-Ditert-butyl-4-methylphenol 220.35 1488 23.67
Group E 30 Irganox 1076 531 3594 56.03
Antioxidants 31 Irgafos 168 646.93 3389 54.18
32 Irganox 1330 775.21 - 67.97
33 Vinyl propionate 100.12 615 1.94
34 Styrene 104.15 869 5.99
35 para-Xylene 106.17 853 5.50
36 Caprolactam 113.16 1191 15.97
37 1-Vinyl-2-pyrrolidinone 114.14 1052 11.80
38 a-Methylstyrene 118.18 962 8.96
Group F 39 Benzophenone 182.23 1577 25.62
Others 40 2-Octyl-2H-isothiasol-3-one 213.34 1781 30.00
41 Butyl diglycol acetate 204.27 1333 19.95
42 Bisphenol A 228.29 2099 35.98
43 4,4'-Bis(diethylamino) benzophenone 324.46 3027 49.62
44 BADGE 340.42 2804 46.75
45 Uvitex OB 430.06 3791 58.05
46 Docusate sodium 445.63 2208 37.98
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9.5. Classification of adhesives

Classification of Adhesives by the Setting-mechanism without chemical reaction [Gierenz and Karmann 2001].

Classification Raw Materials Uses
- EVA, PP, PA, Polyesters, PVA, PE
Hot-melt adhesives - Thermoplstic elastomers paper, fiberboard, plagtics, textiles, leather
Application
ithout VVolatile Solvent ) ) Metal s(scheet-metal constructions),
withou I v Plastisol Adhesives - PVC or poly(methyl methacrylate)
silicate-containing materials
- Vinyl polymers
Heat-Sealing Adhesives Copolymers of vinyl chloride or vinylidene chloride)
Copolymers of vinyl acetate and poly-methacrylates Paper, plastics, lamination of plastic films to metal
Application of  Solutions, - PU, polyesters etc. foils(packaging, metal-foil lamination)
High-Freguency-sensitive
Solvent Escapes before heat seal coats - Vinyl chloride, Polyacrylates, vinyl acetate, resins and plasticizers
Bonding
- Synthetic rubbers, Resins (phenalic resins, rosins and hydrocarbon resins)
Contact Cements Solution of PU dastomer Wood, plagtics, rubber, metals
. ] - Natural and synthetic rubbers, Rosins, phenol-formaldehyde resins, hydro-carbon resins Paper, film tapes, adhesive labels, self-adhesive
Pressure-Sensitive Adhesives - Polyacrylates, poly(vinyl ethers), poly-methacrylates, polyisobutenes decorative sheeting
- Nitrocellulose, Poly(vinyl acetate)
Solvent- Adhesion Adhesives - Natural and Synthetic rubbers, PU rubbers, EVA etc.

Application of  Solutions, | containing Paper, plastics, silicate-containing materials, wood

- Solvent mixtures : Consist of esters and ketones or alcohol

Solvent Evaporates during | adhesives

Solvent Adhesives - PVC, Acetone, cyclohexanone, THF or mixtures thereof
Bonding

- Starch, dextrins, casein, cellulose, ethers, water-soluble derivatives of poly(acrylic acid),
Usesin Water Paper, fiberboard, moi stenable adhesive tapes, wood
poly(vinyl alcohol), poly(vinyl pyrrolidone)

- Vinyl acetate homo- and copolymers

Comonomers : maleic esters, acrylates, ethylene, vinyl chloride, vinyl laurate and unssturated
Emulsion of Water-Insoluble Emulsion-based
Aqueous carboxyl acids
Substances in  Water that adhesives Paper, wood, plastics
emulsion - Polyacrylate homo- and copolymers, styrene copolymers
Escapes during Bonding
- Plasticizers, solvents and resins

Latex adhesives - Natural and synthetic rubbers, synthetic resins and solvents
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Classfication Raw Materials Uses
- Methyl, ethyl, butyl, and methoxy-ethyl esters of cyanoacrylic acid
One- Cyanoacrylate adhesive Paper, fiberboard, plastics, textiles, leather
- Soluble polymers, plasticizers
component
Polymerization adhesives Anaerobic adhesives - Methacrylate Metal

Two-component

- Unsaturated polyesters, vinyl compounds ( styrene or methyl methacrylate)

- Hardeners : peroxides, accelerators : amines or heavy-metal salts

M etal s(scheet-metal constructions),

silicate-containing materials, plastics

Epoxy resin adhesives

- Epoxy phenol adhesives

- Diglycidyl ether of bisphenol A, polyamide, nitrile rubber
- Hardeners

1)  hot-setting formulation : dicarboxylic acid anhydrides, dicyandiamide, and certain

Paper, plastics, lamination of plastic films to metal

Polyaddition - Nylon epoxy adhesives aromatic amines. foils(packaging, metal-foil lamination)
adhesives - Elastomer epoxies adhesives 2)  cold-setting system : aliphatic and cycloaliphatic amines and polyamines etc.
- Other additives : accelerators, reactive diluents, plasticizers, resin modifiers, fillers
- polyisocyanates(aromatic and aliphatic),
Reactive Plyurethane adhesives Plastics, metals, silicate-containing materials
- polyols(polyesters or polyether)
- Phenol-formaldehyde resins, urea-and melamine-formaldehyde resins, poly(vinyl
Polyhydroxymethyl compounds formal)resins, nitrile rubber, epoxy resins, resorcinol-formaldehyde resins Wood, metal
- Hardeners
Polycondensation Silicone adhesives - Silicon Metal, glass, paper, plastics
adhesives MS polymers - Poly(propylene glycol) Many surfaces
Reactive polyurethane hot-melt - Diisocyanates,
Bookbinding, wood gluing, shoe manufacturing
adhesives - Polyols(polyesters or polyether)

Polyimides and poly- benzimidazoles

- Polyimides, - Polybezimidazoles

Metal

Vulcanizing Adhesives

Rubber-to-Metal bonding agents
(Natural and synthetic rubber to metals)

Ultraviolet / Electron Beam (UV/EB) curing adhesives

- Acrylic esters

- Epoxy resin, urethanes, polyesters, polyethers

Laminating, Pressure-sensitive products

Conductive Adhesives

- Epoxies, polyurethanes, silicones, polyimides

- Fillers : alumina, silver
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9.6. Detailed GC-FID conditions

9.6.1. GC-FID analysisfor the column selection test

Column

Carrier gas& flow rate
Injector temperature& mode
Injection volume

Detector temperature

Oven temperature

DB-1, 30 m x 0.32 mm i.d. x 0.25 um film thickness
(100 %-dimethylpolysiloxane)
He, 1.5 ml/min (constant flow)
300 °C with split ratio 10:1
2l
320 °C
40 °C (4 min), rate 5 °C / min, 32@10 min)

Column

Carrier gas& flow rate
Injector temperature& mode
Injection volume

Detector temperature

Oven temperature

DB-FFAP, 30 m x 0.32 mm i.d. x 0.25 um film thickness
(Nitroterephthalic acid modified polyethylene glj)co

He, 1.5 ml/min (constant flow)
230 °C with split ratio 10:1
el
250 °C
40 °C (5 min), rate 10 °C / mif), 25 (10 min)

Column

Carrier gas& flow rate
Injector temperature& mode
Injection volume

Detector temperature

Oven temperature

DB-Wax, 30 m x 0.32 mm i.d. x 0.25 um film thickness
(Nitroterephthalic acid modified polyethylene glj)co

He, 1.5 ml/min (constant flow)
240 °C with split ratio 10:1
el
260 °C
40°C (6 min), rate 10C / min, 250°C (10 min)

Column

Carrier gas& flow rate
Injector temperature& mode
Injection volume

Detector temperature

Oven temperature

Zebron (ZB) 624, 60 m x 0,25 mm i.d. x 1.4 um film thickness
(6 %-cyanopropylphenyl-94%-methylpolysilioxane)
He, 1.2 ml/min (constant flow)

240 °C with split ratio 10:1
el
260 °C

40 °C (6 min), rate 5 °C / min, 90 °C (10 min), rat@°C / min, 250 °C / 1(
min.
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9.6.2. GC-FID analysisfor the multi-screening test and the deter mination of relative

response factors (RRF)

Column

Carrier gas& flow rate
Injector temperature& mode
Injection volume

Detector temperature

Oven temperature

DB-1, 30 m x 0.32 mm i.d. x 0.25 pm film thickness
(100 %-dimethylpolysilioxane)
He, 1.5 ml/min (constant flow)
300°C with split ratio 20:1
pll
320°C
40 °C (4 min), rate 5 °C / min, 32@10 min)

Column

Carrier gas& flow rate
Injector temperature& mode

Injection volume
Detector temperature

Oven temperature

DB-FFAP, 30 m x 0.32 mm i.d. x 0.25 um film thickness
(Nitroterephthalic acid modified polyethylene glj)co
He, 1.5 ml/min (constant flow)
230°C with split ratio 10:1
el
250 °C
50 °C (5 min), rate 10 °C / mi), Z5 (10 min)

9.6.3. GC-FID analysisfor the determination of linear retention indices

Column

Carrier gas& flow rate

Injector temperature& mode
Injection volume

Detector temperature

Oven temperature

DB-1, 30 m x 0.32 mm i.d. x 0.25 pum film thickness
(100 %-dimethylpolysilioxane)
He, 1.5 ml/min (constant flow)_for condition 1 ahd
H,, 1.5 ml/min (constant flow)_for condition 3
300°C with split ratio 20:1

1l

320°C

40 °C (4 min), rate 5 °C / min, 340 °C (10 micdndition A
40 °C (4 min), rate 10 °C / min, 140 °C (4 min), r&6°C / min 340 °C (10
min)_condition B
50 °C (2 min), rate 10 °C / min,340 °C (10 mienditon C

Column

Carrier gas& flow rate
Injector temperature& mode
Injection volume

Detector temperature

Oven temperature

DB-FFAP, 30 m x 0.32 mm i.d. x 0.25 um film thickness
(Nitroterephthalic acid modified polyethylene glj)co
He, 1.5 ml/min (constant flow)
230°C with split ratio 20:1
1l
250 °C
50 °C (5 min), rate 10 °C / mi®), Z5 (10 min) _condition D
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