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Abstract

This thesis consists of seven chapters. sEhare: (1) Generalintroduction; (2)
Preparation of reagentsgcharacterisation of raw materialand calibration of the
curing oven (3) Formulation procedures, coating applicati®and curing procedures
(4) Analyses of liquid coatings, analyses of cured coatingsnaigdation studies (5)
Epoxybased coatinggs study of the migration of melamine, the migration of
benzoguanamine ah the migration of formaldehyde;(6) Poly(ester}based
coatingg study ofthe release andmigration of melamine, of benzoguanamine and

of formaldehyde(7) Generaldiscussiofsummary.

In the workthat was carried outan investigaton of the phenomena of migration of
melamine, of benzoguanamine and of formaldehyplemarily during the retorting of
the coatings was undertakenHve coating sysems were investigatedthese were
unpigmented epoxyanhydride coating TiQ pigmentedepoxy anhydridecoatings
epoxyphenolic coatingspoly(esterjurea coatings and poly(esteagrylic codings.
The coatings were applied through controlled repeatable procedures that were
designed to represent industrial practeelhe coatings were cured under controlled
conditionsrelating to the temperature of curing and to the time over which the
curing was pgormed. The curing oven was repeatediglibrated toensure thatit
was in aconsistent and accurateorking ondition. This involve the need fora peak
metal temperature (PMT), of 1%, maintainedfor 12 minutes anch PMT 0200°C,

heldfor 10 minutes, to be consistentlyachieved

Theraw material sampleshat comprised the sampleand the coatings themselves
were characterisedinalysedfor their compositioral integrity. Several analytical

techniques were used includingNMR spectroscopy, HR spectroscopy, mass
spectrometry, scanning electron microscopy, -Wsible spectroscopy, fluorescence
spectroscopy, liquid chromatography (UV deten} ard gas chromatography (MS
detection). Relevantapplicationbasedtechniques tlat were used include rheometry,
particle size analysis, surface wetting studies and hardness testexgh used as

appropriate.



For the analyses ahigrant species(melamine, benzoguanamine and formaldehyde)
from the coatings aqueous solutionsf specifi@ agentswere used as food sintants

(a simplified model food)These were used as food mimiegcording to established
European Commission standar@evated temperature treatments of cured coatings
that were contained inthe food simulants, in sealedoatainers, were carried out
according to standard methogdso representthe effects of pressure cooking and the

consequences diterilisation ofthe canned foodstuffs during manufacture

The effects of thecrosslinker chemistry, theamount of crosginker in the coatings,
the curing conditions, the coatingapplication procedures and the kinetics of the
release processewere investigated as washe stability of the migrant speciem

retorted foodstimulants andheir potential for futher reaction after release

Melamine, benzoguanamine and formaldehyde were not reledssa the coatings
at room temperature, afterthe cured coatingshad come into contact with food
simulans or with selected organic solvest after a 24 hour exposw period.
However, the migrant compounds were released from cured coatitigat were
retorted in the aqueous food simulants. The releaseas shown to be viathe
hydrolysis of the crosknker components of the coatingsSuch release was
influenced by thel31 °C retortingtemperature andthe aqueous conditios In al
cases, the amoustof melamine, benzoguanamine and formaldehytt&t were
released andubsequently migrated intthe food simulants \ere well within current

limits, set by the European regulatory organisations.

The results showhat increasing the amoustof the crosdinker compounds in the
total coatingformulations, up to 2%or epoxy coatings and up to 10% for poly(ester)
coatings does notalwaysaffect the hydolysis of the crosinking agentsalthough it
leads to an increase in melamine releaB&cluding the croginkers from formulation
does not significantly affe¢dhermal properties andhe hardnessof the coatingsAs a
consequence of this exclusion, tamine and benzoguanamine release and their
subsequent migrationshould not occur The results show thata substantial

proportion (up t090%, in unpigmented epoxy coatingsf the crosdinker suffers



hydrolysis to give melamine and yet the coatings stéhrly perform their function

when used commercially

The influence of varying the curing time and the curing temperature were factors that
affected the amount of melamine that wasleasedfrom the various coatingsThis
influence was more severe witthe selectedepoxy coatingshan with selected
poly(ester) coatings. Fdne epoxy coatings, in certain instanc@s;reasing the curing
temperature, in stages, from 168C to 240°C, reduced the extent of crosslinker
hydrolysis by up to 60 %.he presene of the TiQ pigment particles in the epoxy
anhydride coatings assexd in lowering the extent of melamine generation that
would otherwise have occurred via hydrolysis. Alsohe three grades of the TiO
pigmentsgavesimilar contributions with respect tthe reducedmelamine release

from the epoxy coatings.

Theresultsalsoindicate that melamine and formaldehydsre released during the
curing of the coatings in the oveblsing varioupigmentedcoating formulations that
were allowed to stand undestated laboratory conditions, for specified time periods,
resulted inwet ageingoccuriing. Such wet ageingignificantly affead the amount of
melamine that was released under hydrolytic conditions leading to 20%more

melamine being releaseafter storagefor 30 weeks.



Aims and Objectives of the research project

This PhD project was targeted towards the development of a comprehensive
understanding othe factorsthat affect releaseand migrationphenomena. Particular
concerns relatedo the release and migrain of melamine, thereleaseand migration

of benzoguanamine and theelease and migration of formaldehyddrom cured
epoxybased and poly(esterbased can coating systemsThe strategy invoha
carrying outdetailed investigatiog under controlledconditions, of the chemical
breakdown of the coating systemand of the species generatedlhe studies
encompassediifferent coating formulationscoveringseveralmelamincbased cross

linker options.

One objetive was to provide an understanding ofthe inherent degradation
mechanismghat occur within the coating®n processing and on storag&hus a
strategy for minimising melamine generatiovas developed Anotherobjectivewas
to establishwhy and how melaminevas releasedunder the conditions in whicthe
amino crosslinked can coatingwere retorted using either acidic, aqueous simulants

or nonacidic, aqueous simulants

Factors related to the migration of the breakdown products, from within the coatings,
towards the contentsof the container werestudied. The datawere designedand
used to establishabadeA yS F2NJ aal FS LinknQindusries Ay

Overall, his research is important becaugeprovides astrategy for ensuringhat no
health and afety concernsshould arise with respect tahe release ofmelamine,
benzoguanamine and formaldehyde as a result of the use of amino-lkinéssl can

coatingswhen used irffood contact applicatios
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Chapter 1:General Introduction

1.1. Concept of food canning

Canning is a process of packaging that is used for food preservation. Thus, cans are used
for the container provision o& wide variety of complex fluids, mixed compositions and
soft solids. It is the can as a package and the processing of the foodstuff that provides
protection of the contents from spa@je and/or microbial activitie{Paine and Paine,
1992. Types of produce thus ctained, include foodstuffs, oils, soft drinks, alcabol
beverages and so on. Almost every type of food product has at some time being
contained in a metal carCan coatings, as the name implies, are applied onto metallic
substrates (Breitbach et al., 201 Many of these coated metals are used in food
packaging applications, thereby providing a barrier between ftae and the metallic
components of the containefJackson and Shinn, 197€urrently, inEurope over nine

billion food and beverageans are sold and used each year. These cans are produced
through fast production lines that are able to manufacture over a million cansiggr

(Canmakers.co.gkFigurel.1-1 shows an example of canned food items.

(g B

Figurel.1-1: Canned food items

Coatings are used in the camaking industry to serve as barriers between the metal can
and the can contents, thus protecting the contents from attack by the metal and also
preventing the metal from attack by the contentgreventing poilage of the food and
limiting microbial activities(Ho Lee et al., 2004 After can manufacture, includinie
application d the coatings ontdhe cans the food contents are tnoduced into the cans.

Sealing and thewooking, sterilisatioror pasteurisation follow(Muriana et al., 2002 In



many cases, the sterilisation and/or cooking of the can conteakes place, under
pressure at greater thanboiling water temperatures. In this context, it is important for

the barrier coatings to possess adequate thermal, transport and mechanical properties.

Commercially available forms (shapased) of metdic packging materials include the
following, (Yam, 200%

A Drawn cans, as commonly used to package beverage materials
A Caps that are used for bottled products

A Closues, as used commonly witars

A Drums, whose size can vary, used for foodstuff packaging

A Trays, used for food application purmss

A Lids, as used as seals for many packaging materials

A Ends as used as the base of cylindrical containers and boxes.

Canshavebeendeveloped in two major wayss twopiece cans and as thrg@ece cans
(Stockdale, 1969Ryuichi Eguchi et al., 199Fwo-piece can technology requires the use

of metals that can be drawn from a metallic disc and then wall profiled or smoothed. In
the drawing process, the disc is firmly held over a well of the requjesdnetry while a
punch is pressed onto the surface of the disc. The metal is stretched/drawn into the well.
In this, the can wall thickness continuously decreases while the base maintains the
original thickness(Kubo et al., 2006 The lid is then sealed into place on the grece

wall/base to complete the containeFigurel.1-2 showstwo-piece can packages

D : p—— 1 é
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Figurel.1-2: Two-piece metal can
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The components of a threpiece can usually undergo several processes including
bending, cutting, forming/rollingyelding flanging, ed seaming, filling, capping, printing
and transport (Dunn and Morin, 2013 Soldering is no longer used in European can
making.The finished product must be fit for service in the chosen applicalibe.typical
components of such a can include the médbody component(s) (tinplate)the internal
coatingsthe opening system (ring pull, twist rod etc), inks @hd external coatings and

labels, (if used)rigurel.1-3 showsthree-piece can pa@ges.
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Figurel.1-3: Threepiece metal can

Canned foodstuffs can be considered according to two broad classes, depending on the
treatments thatthey undergo during processing. The two classes are the heat processed

canned foodstuffs and the nehneat processed canned foodstuffdlelson, 201D

The substrate used in can formation, filing and sterilisation is in many cases printed,
coated and formed prior to can formation. The printing stage includesdesdtion and

image creation. The coatings/inks that are used for the external treatment of cans are
GKSNEF2NE NBTSRRRBRR Oa@agill@ieay@s GAyIakAylac

printing processes can be employed to achieve the required objec(iRes, 1988

1.2. Internal coatings for can packaging

Figurel.2-1: Threepiececans with internal "gold" coating
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The term internal coating refers to those coatings that are applied to the inner surface of
a material such as the interior of a cafigurel.2-1 shows metal cans that have been
coated internally.With respect to coating choice and integrity, points of relevance

include:

- The content:Cans that are designed to contain dnaterials do not necessarily
need to be coated internally. This statement applies to products such as diary powders
and biscuits. There is a need to coat the internal surface of cans that are meant to carry
liquid-based materials and seraolids. These arespecially important from health and
safety points of view so that integrityf the contents is not affected by the metal gan

(Embuscado and Huber, 20Q9Rigurel.2-2 represents examples of canned foodstuff.

Figurel.2-2: Examples of typical canned food items

- The metal canThe coating to be applied needs to be formulated with respect to
the metal to be coated. The number of coating layers that are appbettie internal face
of the cans also depends on the properties of the metal andaoy subsequent

processing.

Coatings are expectedo provide the appropriate properties that are associateuth
expected application. These could include properties such as effective barrier provision,
self sealing after damage, corrosion resistance, weather resistance, durability, ease of
application/subsequent processing (drawing, bendjiighou et al., 201,1Paadture et al.,

2002 and engineering processing compliance. When a coating is used to seive an
corrosion purposes, it must prevent water and air from reaching the surface of the
substrate, thus, preventing opportunities for corrosion to occur. The needs for effective
barriers arise from the aggressive nature of many food items. Can coatinge eqpled

G2 G§KS OI y Qaandioytlie®ntidmil surfaceixistRrajad &t al., 2009



In internally coated cans, most of the coating treatments are thin. Thus, the properties of
the substrate that was used in can construction remain unchanged. Hawthe lack of
depth and uniformity of the subsequent coating could cause the underlying metal of the
coated metal composite to be susceptible to unwanted attack, leading to compromise of
0KS O2YLRaAlA2y FyR G2 dzZ (A Méms 8ssotiated with2 F
the analysis of coated cans arise because of the complexities of the d@ating
compositionand the processes through which the coating has argdne before its

ultimate use.

Here are addressed some of the issues that are associatédti coatings that are
applied to cans that are intended to be used for food containment, with reduced

attention being given to issues arising in the beverage can sector.

1.3. Composition of can coatings

Can coatingsre often described in terms of thehemistry of theircomponents the
interactions taking place between these components and the reactions that take place

during the applicatiorand processing of the coatinddrying, curing)(Magami, 2013

Although the components of a coating may be many and varied, they can conveniently
be placed into classes of polymeric binder, monomer(s) (for curable formulytions

pigment(s) crosslinker(s) solvent(s) and additives

1.3.1. Functions of polyneric binders

Several types of polymeric binders can be (and are) used in coating formulations (either
singly or in combinations (blends)). This variety is due to many of the different
requirements that coatings are expected to meet following their appbcaonto the

wide range of substrates that are to be coat@dagami, 2013h

Several different types of polymeric binder chemistries can be used in formulations of
coating products. Speaf examples include alkyd binders, vinylic binders, cellulosic
binders, silyl binders, acrylic/acrylate binders, benzoguanafunealdehyde binders,

alkylamino binders, aminanethylol binders, isocyanate binders, urBamaldehyde



binders, epoxy binderand so on(Dziczkowski and Soucek, 20Magami and Guthrie,
2012 Spirkova et al., 20)0However, not all of these are used fimod can coatingsin
the context of this thesisexamplesof binders that are relevant tdood can coating

systems are considered below

1.3.1.1. Epoxybasedpolymeric binders

Epoxy-basedpolymericbinder systemsare designed and used fanterior cancoating
applications. Suclbinders and the parent coatingsssentially possess good thermal

properties andyoodbarrier properties

Epoxypolymeric bindersprovide a wide range ofcan coating basedpplications. The
epoxy functionalityis very reative, being capable of reacting withther functional
groups during film formation. An example of epgxe-polymeris given inFigurel.3-1.

Epoxy compounds can be producedthg epoxidation of alkenes with peracidgypical

reactions can take place at 26, (Hamerton, 199%

/o
CH2—CH—CH2W\/\/\

Figurel.3-1: Schenatic representation of an epoxy prpolymer

Many epoxybased can coatings are derived from,4-(propane2,2-diyl)-diphenol
(known asBisphenol Aor BPA)monomers.BPA has been widely studied because of
public concerns over its potential migration into foodmong many studies,he
migration behaviour of BPA has been studied in canned vegetdBlexdons et al., 1996

and in infant food (Biles et al., 1997 The results from these two studies show tHzRA

is known tomigrate from can coatings into food during retortingowever,n 2002, the
relative safety of BPA was confirmed by a study carried out for the European
I 2YYAaaArzyQa { OA Sy (i(EFBA, @010aRoMsEquentlyiBeSpotényial C 2 2 R
risk for humans after exposure to BPA from can coatingsn@sv considered to be
minimal and notto endanger theO 2 y & dzY' S NXW& FDKR\S20K3aBRA is shown in
Figure 1.3-2. Figure 1.3-3 shows an idealise@cheme for the creation oBPAbased

epoxy polymei binder composition(Hamerton, 199%



HsC. CHs

HO I I OH

Figurel.3-2: Bisphenol A

Catalyst

Figurel.3-3: Scheme for the formation o& Bisphenol Adiglycidyl etherepoxy polymer

1.3.1.2. Poly(ester}based polymeric binders

Like epoxy binders, pobsgter) polymerspossess good thermal propertiegood
mechanical propertiesand excellent barrier properties Figure 1.3-4 represents a
reaction scherma involved in the preparation of @oly(ester) polymer based ona

reaction betweerphthalic acid and neopentyl glycgliang, 2008

HO\H/©\N/OH HO\%\/OH
_l_
0 o

Neopentyl glycol
Isopthalic acid

Catalyst
HO O\%\/O OH

Figurel.3-4: Poly(ester) polymer based onhthalic acid and neopentyl glycol



In contrast to epoxy coatingsvhere extensive studiesimed at understandng the
migration potentials of the base polymerto food from coatinghave been cared out,
little has been done with regards to the potential for poly(esteasedcomponents to
migrate into food However, several studies have been carried on themtl of migration

of poly(ester)derived low molecular compoundsom cookware into foog(Jiang, 2008

In 1993, studies were carried out tmonitor the migration, of styrene and styrene
derivativesfrom polyester cookware into foodsffs and into food stimulants, during
normal cooking(Jickells et al., 1993Similar studies havalso been carried ouhto the
migration of ethylbenzene and styrene from poly(esteased plastics into pork
(Gramshaw and Vandenburg, 199Both studies confirmed théendencyof poly(ester)
components to migrate from plastics into food. To be specifigese and ethylbenzene
migrated into porkthat wascooked inthermoset polyester) dishes for 1.5 aurs, at 175
°C. This migrationarose because of théhermal depolymerisatiorof the poly(ester
basedplasticat temperatures of 175C and aboven those materials studied (thermoset
polyesters) styrene was used to crodimk unsaturated polyesters and ethyl benzene was

an impurity in the styrene used.

1.3.1.3. Phenolic prepolymers

Many phenolic polymer binders are manufactured from a condensation reaction
between phenol or phenolic derivatives with foatddehyde.The reaction emperature,
type of catalystpH and the ratio of phenol to formaldehyde are factors that affect the
syntheses(AstarloaAierbe et al., 1998 Phenotbased binders have wide application in

can coatings owing to their outstanding crds¥ing capabilities.

Amongst the phenolic binders that are widely used in the can coating industry are the
cresols (Zhang et al., 20)1CresolqFigurel.3-5) are vital intermediatesn the synthesis

of phenolic polymeric bindersAmongst the three isomers,-gresol is the most widely
used. Cresols can be made from a reaction of toluene with hydroxylamine in the
presence of a suitable catalyst such as ammonium molyhd&itsuka et al., 1992
Figure 1.3-6 represents anidealised example othe synthesis of ap-cresotbased

polymeric composition(Chutayothin and Ishida, 2011



Figurel.3-5: o-cresol, pcresol and mcresol

——— R
AN
CH3 CH3 n

Figurel.3-6: Idealisedsynthesisroute for the formation ofa p-cresolbased lineampolymer

composition
1.3.1.4. Epoxyphenolic prepolymers

As theterm suggests, epoxphenolic compounds are made fromombining epoxy
starting materialsand phenolic starting materialg\ reaction schemeexample is shown
in Figurel.3-9, (Jiang, 2008 Epoxy phenolic compoundsave been used for decades as
curing agents in can coating compositiohecause they give outstanding thermal,

chemical and mechanical properties in the parent curedting (Tyberg et al., 2000

Typical exampkeof epoxyphenolic prepolymers include the cresyl glycidyl eth&igure
1.37) and the phenylglycidyl ether (Figure1.3-8), (Hale et al., 198p Both can be
manufactured through a similar reaction methadhere in the former exampleo-cresol
is used and in the latter pm®l is used as the starting phenolic compouiMhany other

products can be prepared based Bisphenol A compoundg$Sunitha et al., 2013
)

H,C——CH—CH,—O
CHs

Figurel.3-7: Gesyl glycidyl etler



O
H2C_CH_CH2_O

Figurel.3-8: Phenyl glycidyl ether
0 OH
o e —m T
R

Figurel.3-9: Idealised reaction between an epoxy compound and a phenolic compound

1.3.2. Functionsof crosslinker compounds

Amino crosdinkers are used in can coatingecause of th& high functionality being
used asadditives or as major components tine coating formulation Duringcuring the
crosslinkers functionally react with suitable polymeric binder spetieg are contained

in the coating, in order to form a cro$isked network.The crossinking process l&ds to
higher molecular weightproduct formation and changes in physical and chemical
properties throughthe interlocking of the nosvolatile components in the coating

(Magami, 2013p

1.3.2.1. Types of amino crosdinkers

The major groups of amino crebskersare based on melamine, urebenzoguanaine

and their derivatives. These derivatives are often the reaction products from their
reaction with formaldehydeln the context ofthis thesis two broad classes of amino
crosslinkers are consideredThese arecrosslinkers that are based on melamine and

others that are based on benzoguanamine.

Melaminebased crosdinkers are produced via acontrolled condensation reaction
between melamine anformaldehyde under acidic conditionsr under basic conditions
(du Fresne von Hohenesche et al., 2D08This reaction leads to the formation of
compounds caotaining the methylol functionality,the compositiondepending on the
extent of the reactionSubsequent alkylation reacti@can occur when a suitable alcohol

is used. This leads to the creation of alkylated ctodsers. The degree of alkylation
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dependson the extent of the reactiorand on the ratio of reagentaused (Cook et al.,

2005).

Figure1.3-10 and Figure1.3-11 show reaction schengethat involve the formation b

melaminebased crosginkers.

OH
NH, ~n—
HO
N” SN 6CH,O N)\N

I 5 > | OH
HZNJ\NJ\NHZ 95 °C, pH 8.8 N)\N)\NJ
HO k L
Figurel.3-10: Idealised raction scheme showing the formation of a completely methylolated

melamine crosdinker composition

OH OR
HO/\N) RO/\N)
NTSN 6 ROH N&N
—N I NJ\N_/OH >60 °C /—N)l\Nz\NJOR
HO L RO [ L
OH OH OR OR

Figurel.3-11: Idealised reaction scheme showing thermation of alkylated crosslinkers from

their methylolated counterparts

From Figure1.3-11, if R= Chland n =6, the crosnker compoundthat is formedis
hexamethoxymethyl melamine (HMMM). HowevdrRi=(CH);CH and n =6, the cross
linker compoundthat is formedis hexdutoxymethyl melamine (BMM). The alkylated

crosslinkers, HMMM and HBMM are shownkingurel.3-12.

H3COH,C~ \ ~CH,OCH3 C4HgOH,C~ | ~CH,0C,Hyg
e o
H3COH2C\N)|\N)\N/CHZOCH3 C4H90H20>N N N<CHZOC4H9
H3COHZC/ \CHZOCHS C4HgOH,C CH,OC4Hq

(@) (b)
Figurel.3-12: Chemical structure of a: HMMM and b: HBMM
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Benzoguanamine formaldehydsmsed crost$inkers are formed by a reaction between
benzoguanamine and formaldehyde. The reaction proseed >85 °C when a
benzoguanamine to formaldehyde ratio of greater thanis:Ased Figurel.3-13 shows a
reaction scheme that involgthe formation ofa benzoguanaminarosslinker, (Alger,

1997).

@ 4 CH,0 N; \;N

NTN —0> )I\ /)\ _/OH
- 90 °C N”NT N
A A L U

OH OH

Figurel.3-13: Idealised reaction scheme showing the formation @foenzoguanamino

formaldehyde crosdinker

1.3.2.2. Functionalgroups inamino crosslinkers

Examples of thefundamentalfunctional groupghat are presentin amino crosdinkers

are shown infablel.3-1.

Tablel.3-1: Functional groups in amino crostnker compositions

Functional group Chemical representation
N\
Alkoxyalkyl _N-CHOR
Methylol N\
_N-CH;0H
Imino \NH
7
_NH2
Amino
_CHz'O'CHz_
Methylol ether
i \N—CH N/
Methylene amino % 27

Amino crosslinkerscan conveniently bgrouped functionallyaccording to
1 The nature of theamino compound used in formulations;
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1 The nature of the etherifying alcohol that is used during the alkylation reaction;
The degree of alkylation (full alkylation, partial alkylatiand so on)(Oldring and Tuck,
2001).

Many of the reactions that occur during the curing of amino crtisked coatings depend
on the specific functional groups that the crdsskers possess. For example, both the
alkoxyalkyl group and the imino grougan readily react with an ®OH group from a

suitablepolymerbackboneduring the curing of coatinggiKoleske, 295b).

~ ~
_N=CH,0OH + HO— A — SN—CH,0vwvv  + H0

>N—CH20R +  HO— VO —»)N—CHzoM + ROH

The imino group, if present during the curing of the crebskers, usually are involved in
co-condensation and setfondensation reactionsAn example is given belo@Bann and
Miller, 1958 Oldring and Nehring, 200.7

N ~ N e
_NH + ROHZC—N\ — /NCHZ—N\ + ROH

1.3.3. Functions of pigments$n coatings

PA3YSyda NS |33INBIFGSa 27F Ldbahidg XoOrfulStian 0 K
(Lomax, 201D Pigments are generally ciifsed as being organic or inorganic. Organic
pigments are derived from synthetic organic compounds while their inorganic
counterparts are usually obtained as processed minerals, though some are oblsiaed
precipitation (nucleation and growth) from salan. Inorganic pigment particles are

often surface modified (coated) to improve their dispersion properties, particularly when

they are used in nofaqueous solvents.

In coatings, mments can provide UV resistance propertiegLiu et al., 201 They
contribute to the solid contentsof the coatings to the aesthetics (appearancegnd

usually tothe durability of the coating(Jiang et al., 2000 provided that the amount
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used is below the Critical Pigment Volume Concentration (CHYELPVC is a point at
which the characteristic npperties of the coating changsignificantly Forexample, at
the CPVC, foams, voidad so on can bmtroduced irto the coatingfilms. The change in
the durability that is provided by pigmentssrelated to the role that pigments can play in
either the degradation of the coating or conversely, the stability of the coafigng et
al., 201). The average shapshape distributionsize and size distribution of pigment
partices play a role irthe colour, the opacity, theoverallappearance and evem the

rheological characteristics of the final coating formulatiitumar et al., 2011

1.3.3.1. Use of TiQin can coatings

For can coatings, titanium dioxide (3)@ the most widely used pigments properties
include its greabpacity and its high refractive indeXiG is produced in arious particle
size ranges. Thearticle size and the size distribution govern the industrial applications
to which the pigment is appliedBraun, 199). TiQ is produced in two major crystal
forms, termed the anatase form and the rutile form, the latter form having a greater

opacity advantage, although both grades have can coatingagtioins (Yin et &, 200J).

For commercial coating applications, different quality grades/designs efeki€t. These
are related to amount of the pigment that is required in the formulatitre dispersion
quality neededthe particle size ranges, the durability, tpbeesence of additives and so
on. This is because the coatisgstem will be designed to meet particular industrial
needs. Thus, the application to which a Fpglymented coating would be subjected, for
example its incorporation into an external coating/inkbr into an internally applied

coating governs the grade choicéBuxbaum2008).

The two major production pathways for Ti@re the sulphate process and the chloride
process. The sulphate process generates titanium dioxide from a titabasedslag as

illustrated below (Reck and Richards, 1997

FeTiQ+ 2HSQ —> TiOSQ+ FeSp+ 2H0

Ti05@ 2 Tion(H,0) + HsQ
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TiIoN(HO) & . TiG+ nHO

The chloride process depends on the production of, Ti@m the impure mineral, rutile,

according to the schemes belp{Reck and Richards, 1997

TiQ (impure) + 2Gl+ C— TiCj + CQ
TiCk+ Q@ — TiQ (pure) + 2Gl

With regards to usage in coatings, the rutile grade is used more commonly than the
anatase grade. This is becaudfets better scattering properties. In a polymer matrix, a
stable dispersion of TiOcan be achieved with the aid of a suitable additia
dispersant). The size dhe patrticles is controllable in the subicron range, with a

narrowsize and shapdistribution, (Braun, 199Y.

1.3.4. Functions of solvent#n a coatings context

Solvents g used in coatings to dissolve other coating components such as the polymeric
binders, crosdinker compoundsand additives. They are often used in attempts to
achieve the desired rheological characteristics. For many coating formulations, a

combination d solvents may be use(Koleske, 1995b

Solvents including wagr in this context,are technically the volatile components of a
coating. This is because they are removed during the processing, application and curing
of the coating. Complete solvent evaporation from the coating is usually desirable after
solid state ceation to prevent pirholing that can otherwise occur during the drying of
coating film, thereby allowing a uniform film to be achieved. The evaporation rate and
solvency power of solvents are vital characteristics that a coating chemist considers in
formulating solventbased coatings This is because the solvency and evaporation
character of the solvents or the mixed solvents govern the setting time of the coatings.
The solvents are needed to remain in the coatings long enough to allow for desired
properties to be achieved. These properties include adhesion, levelling, gloss and flow,
(Sward, 1972 Examples of solventhat are widely used in can coatings are shown in
Tablel.3-2.
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Tablel.3-2: Physical properties of solventselevant to can coating application

Solvent Boling temperaturefC Evaporation rate
Acetone 56 1160
Methyl ethyl ketone 80 570
Isobutyl acetate 115 145
Methoxypropy! acetate 146 >33
Ethykene glycol monomethyl ether 125 56
Dimethoxyethane 85 -
Isobutanol 107 70
2-Bhylhexanol 182 <1
Hexane 69 1500
Cyclohexane 81 1000
Toluene 110 180
m-Xylene 139 70

* Evaporation rate based onloutyl acetate= 10Q (Koleske, 1995a

In certain instances, in coating manufacture, the o$enixed solvents (solvent blesd
might be necessary. The reason for this practice might depend on several factors, such as
when a particular solvent cannot dissolve certadating componentswhenit has a low
evaporation rate andvhen there are miscibity/solvency concernsThe solvent blend
will therefore be designed to enhangeacticallyand refine thetotal solvent character of

the coating,(Koleske, 1995b

1.35. Cdzy Ol A 2y a nFEompdsite Rmateridlgd S a ¢

Several kinds of additivesan be incorporated (and armcorporated into a coating
formulation. Additivesof interestinclude flow modifiers, lubricants, waxes, dispersants
and weting agents, used to givdesited characteristics to thecoating materialin

formulation, application and longer term stabilitiMany of these additiveare used in
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small quantitiesusually less than 5% othe total formulation, (Bieleman, 200D Sveral

are based on surfactariype properties. Some examples are considered below:

- Flow modifiers: These additives are used to eliminate rheological and surface
defects Examplesof flow modifiers include benzoguanaminformaldehyde polymers

and poly(urethangpolymers (Abeland Memmer, 198p

- Wetting agents: These are used to improve the spreading and penetrating
properties of liquidsby lowering the surface tensioWhen they are used in coatings,
they can improve levelling, wetting and adhesion of the applied coagspgecially on
low energy surfaces. Examples of wetting agents include phosphate seatat

nonyiphenolphenol ethoxylats, (Kohli and Mittal, 201p

- Lubricants:These are used to redudecalisedfriction in formulaton and to aid

the transportation of pigment particles in the coatings (if requirethey promote the
lubrication of the liquid coatings anchn givean improvement of their flow behaviour.
Typical exampleare based oraliphaticgreases and onsiloxane arfactant compounds,
(Robb, 199Y.

- Defoamers: These are used to reduce or to herdthe formation of foams in
coating formulations.Foams can be problematic in coatings and are usually formed
during the mixing, agitation or stirring of the coatings. Manyfol@mers are based on
surfactant structures. Examples incluakkyl phenolethoxylate compounds(Wicks et al.,
2007).

- Dispersing agents These are used tgromote the conversion of polymer
components intoa ¢ & 2 f dziaté B Water borne coatings, water can be used to act as

a solvent oasa dispersing agen{Ulrich, 200§.

1.4. Coatingsapplication and curingdrying (physical and chemical

eventy

In cancoatings, thehermal curing process converts the wet coating film, apglonto a

substrate, into acuredfilm, through chemical reaction8lore commonlyasthe coating
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is cured, volatile solvent components of the coating are lost through @eion. In

order to controlsolvent evaporation, solvent(s) need to be chosen on the basis of their
solvencyand thdr evaporation rate (Stout, 1998. An alternative approach involves the

curing of formulations containing reactive monomers in which one or more of the
Y2Y2YSNB FFOG Fa I NBFOUGADGS Gazf dSyildé&od ¢KA
leading to the concept of the 100% solids system, as encountered in uv curing/thermal

combinations (Vigneron et al., 1994

During the curing oimelamino crosslinked coatings, two general chemical reactions
occur, those which formmelamiro-polymer links and those which form melarmin
melamirp links. These reactions depend on the functionality of the ctivd®rs and on
the functional groups that are present in a reacting polymebinde(s) (Magami,
20139.

1.4.1. Crosslinking reactions between binders and crodiskers

~oT NN \O/\)N\/\O/
NTSN N™ N
N~ AN~
\O/\NJLN/ N0 o )N N/ r\ll\ o
o” ~o ? i
I I
+
OH OH
W—l— Polyester binder —I—M
~o0"~N"o" ~o"~N"T"o
N)QN N)QN
~0"" N ! N0 ~0""N IN/ N N0
o L o L
! \fu"—l— Polyester binder —I—M I
+ 2 CH30H

Figurel.4-1: Schematic representation of the mechanism of reaction during theing of a

polyesterfHMMM-based coating
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In a melamio crosslinked coatingsystem, due to the high degree of functionality, the
pre-polymer composition can react functionally with other resin precursors in the
medium during the curing procesgWeiss, 199Y A simplified, modelcrosslinking

reaction between a melamino crodigker and a poly(ester) binder component is

represented byFigurel.4-1.
1.4.2. Seltcondensation reactions ohmino-basedcrosslinkers

Amino crosdinker compoundscan selfcure. The reactions can take place even at lower
temperatures These reactionare dependent on the reactivity of the functional groups
that are present. Usuallythe presence of catalysts (acidic or basic) is required. On this
note, a detailed comparison between the different types of groups thatsmiflense in

MF resin including theirreactivity, have been publishedJonesa et al., 1994Figure

1.4-2 shows a seifturing reaction in a melaminleasedcrosslinker system.

\O/\N/\O/ )N\
A NTSN
j‘.\ )N\ o~y AL
\O/\N N/ N/\O/ N HO N N N (0]
J | o’ o
Q H | |
PAN lCatalyst
SoSNNTN0T N0 o7
AP
\O/\NJ\N/)\N/\N NZ N7+ H0
) L

Figurel.4-2: Acid catalysed sel€uring reaction in a melamio-based amino resin creation

1.5. Physicalchemical aspects of can coatingse

In formulations that contain components that are volatile at the application temperature

and during other processing operations, the subsequent evaporation (solvent, additives)
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from the coating enables the composition to be converted from the wet state the

dry state, with the diffusion of solvent molecules, offapducts molecules and of other
components through the continually changing coating fi{diang, 2008 The operating
temperature, thecuring ovenair velocity and the volatility of the bygroducts and other
components affect the rate at which volatiles are removed from the coating into the

immediate environment(Goldschmidt and Streitberger, 2003

As the solvent evaporates from a coating dgriapplication and curing, the mobility of
the oligomer/polymer chains in the system decrea@€d, 2010. This mobility is reduced

to a minimum when all of the solvent and the volatilefmpduct molecules that were in

the system havebeen remove. During these processes, interlocking of the polymer
chains in the coating occurgGoldschmidt and Streitbergef003. Suchinterlocking is
especially important for food contact can coatings since, in such coatings, it is vital that
the coating components are prevented from migrating into the can contef@iang,
2008.

1.6. Substrates used for food canning

The metals that are generally used as a component of can packaging include aluminium
and steek of various compositionsAlloys based on aluminiwtnansition metal

combinations arelso used(Davis, 199

1.6.1. Tinplated steel

Electrolytic tinplate (ETRubstrate isfabricated asa deposition of tin onto stee(Yfantis

et al., 2000. ETPis the most common material for tins and caridohnsen, 2009 In
some instances, the tin surface may be replacedbsery hin chromium surface or an
aluminium surface. Using such combinations, a variety of different shapes and subtle

colour combinations can be created.

1.6.2. Tinfree steel

Tinfree steel (TFS)as been replacing ETP swmeapplicatiors. Another form of TFS is
Electro-Chromium Goated Seel (ECCS). Both have similar performance properTiES is
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more resistant to retort conditions(Oldring and Tuck, 2001 TFS isnanufactured
through a procedure where chromic acid treatments are amplanto steel sheets.
Unlike ETRvhich is used for food cans, TESused for beverage applicatioasad, as the
name impliesjt does not contairtin, (Paine, 1991 There are moves to find alternatives

to chromic acid treatment because of environmental concerns over the use of.Cr(VI)

1.6.3. Aluminium

Aluminium is widely used forbeverage cansnd for some food cans (e.g. fish)
uncoated, aluminium is susceptible to attably mineral acids or organic acidsThe
widespread use of aluminiung attributed to its compatibility with many foodstuff, its
corrosion resistancandthe fact that is does not causmloration of food or beverages
(Davis, 1994

1.7. Ageing phenomena in can coatings

Internal coatings and external coatings that are used on cans should be stable for the
Gt ATS0A ¥BEAgeT is a@l ptdPerty of the overall coating composition, in which
the polymeric binder(s) plgg) a major role. Due to the conditions encountered during
service, the qualitythe performance of material coatingand the nature of the polymers

that they containerode with time (Fernando, 201}l Thisdeterioration of the coatings

eventually affects the viability of the caimating composition.

Many of the factors that influence the ageing of tings are related to the polymeric
binders from which the coatings originate. In the lifetime of the coating material,
conditions such as the weather, light/radiation, temperature and humidity have an
influence. Ifa flexible polymer is used in theoating and this experiences exposure
changes that arén the glass transitiomegion there can be a significant influence on the

performance of the coating/prin(Schulz, 2000

Formulation strategies can be used to improve or complement the performance of
binder compositionsOne option is the incorporation of polymeric modifier additives into
the coating. For example, ligomeric siloxanes are known to act as good durability

modifiers for epoxy resingkumar et al., 2001
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For can coatings, the durability or the service life that the coatngple to providecan

be estimated (Shreepathi et al., 20)1According to coating experts, electrical resistance
values of around 1K B &fe a detemining factor in whether or not a coating is fit for

its intended protection purpose. A coating possessing a value that is greater th#&n 10
cm? can be considered to offer protection to an applied surfateidheser, 199). For

can coatings, electrochemical impedance spectroscopy (EIS) can be used, to predict the
remaining service life of the coating and also the amount of coating that is present on
the can (Kern et al., 1999

1.7.1. Time dependent ageing

Time dependent ageing studies are important with regards to coatings, because they can
helpin assesmgthe long term performance propertiesf the coatings These properties
could include durability, polymer degradation, chemical resistance and mechanical
strength. Successful tests would then need tbe interpreted in order for the

performance of the coatings durirtgsting, to represent tte performancein service.

Gravimetric techniques can be used time dependent ageing studiethat involve
monitoring the weight loss of the coating over timBuring this period, polymer
degradation could occur leading tihe release/loss of small volatilspecies as the

polymer chains are broke (Aguirre, 201).

1.7.2. Temperaturedependent ageing

The a@eing of coatings can also lsaudied by monitoring a change ithe chemical and
physical characteristics of the components the coating as a function ofthe
temperature under controlled conditionsEvaluations &n be carried outby measuring
one of severabf the performance properties of the coatings as they are being subjected
to various thermal conditions. Analysesinvolving one or moreof microscopy,
spectroscopy andthermogravimetry could be arried out to monitor signs of
deterioration in the coating filmgMartin et al., 2012 Approaches based on the use of
the Arrhenius equatiorcould also be useduring attemptsto monitor the kinetics of the

degradationprocessor other changeg/Aguirre, 2010
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1.8. Testing and performance attributesf can coatings

The behavioural properties of coatings can be monitored in either their solid state or
their liquid state. In additiond the flow tests that are usually carried out on wet
coatings, solid state coatings are also characterised. A broader classification for the
testing of solid coatings concerns their mechanical propertidsir physical properties

andtheir chemical propeties.
1.8.1. Testing of liquid coatingsemphasison can coatings

1.8.1.1. Flow time estimation

Flow time estimation procedures asgraight forwardtechniques that a coating chemist
can use The testproceduresare generally highlypracticalin nature. They should notbe
considered ideahismeasurs2 T & (I NHzSahd riggaldyicCe propsitiesThey serve a
quality control purposeOne approachnvolves allowinga known volume ofcoating to
flow throughthe orifice (located at the bottompf a cupshapedcontainer, (Shah, 200y
The cups can vary in shape and sikgpical example of @$ include Zahn cup$;ord
cups, ISO cups, DIN cup, ASTM cup, and ANFQGR (8hpeninstruments.coin The
relevant ests are based oASTM D421:20 andon ISO 2431

1.8.1.2. Solidscontent estimation

The measurements involve the determination of total solids ,(dnpn-volatile
components) in the coatingg.he methods are based on gravimetric analysis, where a
known mass of a coating sample is dried (cured for can coatinggebgpplication of
heat, in an ovenin order to remove the volatile/solvent componentSther energy
sources may also be used (UV curing, electron beam cuBaghtion1.8-1 represents

the % solids equatior{Jiang, 2008.

) W, - W,
% Solidss ———13100%

2 Wl

Equation1.8-1: Solids content equation
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Here,W; = weight of theuncoatedmetal substrate(g)
W, = weight of the metahndthe fluid coating(g)

W3 = weight of the metahndthe curedcoating(g)

Care needs to be taken to ensure that a consistent weight is achieved during the
dryingcuring processand after the drying of the coating before the sample is reweighed.
For the tests, a thoroughly mixed spla, a reliable ovensuitable vesseland an
accurate weighing balance are neededKoleske, 1995b Test guidelines are also

provided byASTM D2974tandards
1.8.1.3. Thermal analytical studies

Thermogravimetric analysis (TGA), thermomechanical analysis (TMA) and differential
scanning calorimetry (DSC) are important tools in the analysis and the characterisation of
liquid coatings. These techniquesan be comprehensively and conveniently used to
study the various thermally induced transitions that arise the coatings on
heating curing They can also be uséd monitor the thermal decomposition behaviour

of coatings. With suitable controls, thermal analysis techniques can also be used to

monitor the kinetics of the breakdown processéEracton, 200%
1.8.1.4. Rhedogical studies

Rheological techniques are often used to characterise the flow behaviour of liquid
coatings. In these, it is important to monitor the flow patterns of coating materials under
highly controlled conditionsrelating to the applied sheastress shearstrain rate and

temperature. The general flow behaviour of surface coating materials including inks,

paints etc is given irFigurel.8-1, (Guthrie and Lin, 1994
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Viscoplastic system

Shear thickening system

/ Newtonian system

Viscosity (Pa s)

Shear thinning system

Shear rate (s'1)

Figurel.8-1: Flow behaviour of common fluid systems

Can coatings generally exhibit shear thinningpdgour. This means that the viscosity of

the coating fluid decreases with increase in the shear rate and the shear stress. Also, the
viscosity of shear thinning coatings usually decreases with increase in the temperature
provided the composition of theaating remains unainged (Magami, 2013h Relevant

to can coatings, both Newtonian fluids and shear thinning fluids are defined as follows:

Newtonian fluids exhibit linear flow curyée. a linear plot of shear stress against shear
rate. This means that such a fluid exhibits a constant viscegign the amount of shear
force is changed. In contrast, a ndlewtonian fluid exhibits a viscosity that changes with

change in the applied slar force,(Malkin and Isayev, 2012

Shear thinning or pseudplastic fluids exhibit an apparent viscosityat decreases when
the shear rate is increasedt very low shear rate values and at very high shear rate
values, mostshear thinning fluids exhibitNewtonian flow character, (Chhabra and
Richardson, 2008

1.8.1.5. Kinetic aspects of rheological studies

The values for the activation energy of flefvcoatings can bealculatedusing modified

versionsof the Arrhenius equationEquationl.8-2. Theproceduresare well documented
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and described in théterature, (Schoff and Kamarchik, 2005uch approaches treat flow

in a kinetic sense, as a function of the prevailing temperature. The stieddspoint and
infinite sheer viscosity values can be obtained using experimental approaches based on
Equationl.8-3, Equationl.8-4 and Equationl1.8-5. Equationl1.8-3 represents the @sson
Asbeck relationship wheredsquationl.8-4 and Equationl1.8-5 are therheological forns

of the Arrhenius equation(Hong et al., 2010

RT
k = Ae
Equation1.8-2: Arrhenius equation

Here, kis therate of flow constant, E& the activation energy of flow(the minimum
amount of energy required initiate flow)A is the Arrhenius parameter (collision

frequency factor), ks themolar gas constant andig theKelvin temperature.

V12 0 12
K

4 2

Equationl1.8-3: CassorAsbeckequation

- Eaf
' :Ae RT

Equation1.8-4: Arrhenius equation(rheological form 1)

- Eaf
In' = +1In A

RT

Equationl1.8-5: Arrhenius equation (rheological forn2)

Here," is the dynamic viscosity  is theinfinite shear viscosity ois theyield stress

point, 4 is the shear strain rateE,¢ is the activation energy of flowRis themolar gas

constantandTis theKelvin temperature
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The yield stress point can also be obtained by extrapolating a graph of shear rate vs.
shear stress to the point where the line intercepts the shear stress(@kis et al., 2006

This point of interception is the yield stress and is defined as the force at which a fluid
that is being mixed/stirred begins to flow or deform. Although an understanding of the
yield point can be of great benefit to understanding the fluaracterisics the
existence of the yield stress is still debatal{leeshpande et al., 20100neindication

that such a point doesot exist is that the transition of a fluid from rest (zero flow) to a

flow moment cannot be considered to be a single defiegdnt.

1.8.2. Testing of cured coatingsemphasison can coatings

1.8.2.1. Film weight thickness evaluation

The weight thicknes§FWT)of a cured coating film cahe evaluated usingravimetric
analysis. For can coatings, the method often involves removing the coatimgaflknown
area of the cured coatednetal substrate byemovalin acetone (often with the aid of
NaC). After removal of the coating, the plate is then-weighed (Wagner, 2008
Equationl.8-6 summarises the procedure.

®» W

&7 4 =
0

Equationl1.8-6: Film weight thickness equation

Here, FWT(gm?) is thefilm weight deposited per unit area @) W;is theweight of the
coatedsubstrate(g), W-is theweight of thecorresponding substrateithout the coating

(g)andAis thearea of the weighedubstrate(m?).

The thickiessof the liquid coating layer that is applied to the substrate is dependent
upon the applicator that is usedzor application of can coatings usingb&t coaters,
Tablel.81 provides information on the relationship betweehe K-bar choice andvet

film thickness(Largoab.sg
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Tablel.8-1: K-bar coater specifications

K-bar number K-bar wire diameter Wet film thickness

1 0.08 mm 6 um
2 0.15mm 12 pum
3 0.31mm 24 um
4 0.51mm 40 um
5 0.64mm S0pum
6 0.76mm 60 um

1.8.2.2. Flexibility testing

Can coatings are expected pmssesshe appropriate flexibility properties for them to
withstand the stress conditions that they undergo during processing, -sfeelhind use
Standard methods exist for testing the flexibility azfn coatings (Miguekphil.en). ASTM
D4145 describes such a metho8uch a method tests thaeverity of bending of
acoatedpanel needed to cause failure in tikkeatingas seen by crackin@ther popular
testsare impact, wedge bend-bends, and conical mandrééxibility test. A ésimple
procedure involve bending or folding the coated panel after which an assessment of the
O21 GAy3Qa Tt SEWoeské, 29950 A a O NNASR 2dzi=

1.8.2.3. Surface wetting studies

Contact angle studies can be usigdan attempt at determininghe critical wetting
tension of a substrate or a surfagsuch as a coated, curexating. The contact angle

(), gives a useful guide to the extent to which a sal&h bewet by a liquid. A value of
zero in contact angle depicts perfect wetting. The critical wetting tension (also known as
critical surface tension) is usually obtained by conducting measurements of contact

anglesprovidedby a range of pure liquids or seledt blends of liquids, deposited on the
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surface of a substrate in a sessile fashion. A plot of the cosineagfainst the surface
tension of the fluids is formed. Abs, =1, = (. The importance of the criticaletting
tension parameter is that anygluiid with a surface tension that is less than the critical
surface tension should have the capacity to wet the substiréittark, 2003. Tests are
usually based oASTM D 179 and ASTM D 13B1Figurel.8-2, alow wetting surfaceas
shown asproviding a high contact angle(droplet A), while a higl wetting surfaceis

shown toprovide a low contact anglédroplet B).

A / B
e 0

Figurel.8-2: Surface tensionllustration

1.8.2.4. Surface reflectance studies

A coatin@ surface reflecion characteristicsn the visible region of the electromagnetic
spectum (400700 nm)can bemeasuredusing areflectancespectrophotometer. The
appearance (colour, reflectanceansmittance,etc) of the surface is measured usittgs
device with an integrating sphere that is capable of including or excluding the specular
surfacereflection frommeasuremens. The dataare usually represented as a graph of
the reflectance (on a scale oftd 100%) againgthe wavelength (nm)The devices, the
procedures and the conditions of measurement are covered in the international standard
CIE 1986 related to ASTM, 1985b #8@, 1984(Blum, 1997.

1.8.2.5. Adheson testing

One of the morecommon adhesion tests is thepkel test (Zumelzu and Gipoulou,
2002. Other adhesion tests are based onfswe spectroscopy and surface microscopy.
The objective principle of the-feel test is to gain an understanding or an estimation of
the strength of adhesion that exists between a coating and the substrate. The test is
commonly applied to can coatings asneans of monitoring their adhesion strength, any

detachment and the occurrence of adhesion failure.
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In the peel testing routine, an adhesive tape is applied onto the coated cured substrate
and the extent of coating detachment is observed. The pgetedures are governed by

ASTM D1876 and B350 part C12/19940

1.8.2.6. Hardness testing

Most hardness testing procedureare based on an indentation approach, where a
pointed or spherical, hard object is brought into contact with the surface of the coating
for a specified time period. The level of indentation and the area of indentation can be
used as a measure of the caa@ hardness(FinkJensen, 1964as can the energy
involved in achieving the indentatioMany of thetest procedures a governed by DIN

53 157 and ISO 1522

1.9. Migration phenomena in can coatings

Migration tests are applied to can coatings required so that one can monitor the
performance of a coating and its ability to comply with health, safety and other
regulations. Bpending on thecomposition of the coating, thecancontainment
conditions and the interaction of the can substrate with the dried coatingmovement
of small molecules into the can food contents, through physical processes, might/will

OCCur

1.10. Use of foal simulants to test for migration ito/ from food-contact

coatings

Food simulants arenedia that are convenientlyused to mimic the chemicghysical
behaviour of foodstuffsThey can be used in place of food, in food analysis, in order to
give understandng of the amount ofcoatingmaterial that is transferred into foods a
result of exposure during manufacturer aise. Examples of standard food simulants are

given inTablel.10-1, (European Commissn, 1985.
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Tablel.10-1: Examples of approved food simulant compositions

Food simulant The food that the simulantmimics

Foodstuff with highacidity levels
Acetic acid 3%w/w in aqueous solution pH<4.5

Alcoholic beveragesqueous foods

Ethanol 10% w/win aqueous solution with a solubilising power higher than
plain water
Olive oilor Sunflower oll Fatty foodstuffs

1.10.1.Melamino migrants/ release products from coatings into food

In melamino cros$inked coatings that are used in cpackaginghere is a tendencyor
more mobilemelamiro compoundsto be created during the sterilisation processes or
the pasteurisation processes that the cemd foods undergo during manufacture
(Bradley et al., 2008 Thismeans that from the public/consumer safety point of view
the foods and thecoatingsshould/mustbe tested in orderfor anycompoundthat might
be created and that might have subsequently migrated into fbood stimulants to be
quantified Any migrationlimit shouldbe compared with the standard/stated/required
Overall Migration Limit (OML) and the Specific Migration Limit (SML), each of wheth is s
by regulatory agencieg¢Barcelo, 2008 Suchcomparisors are designed to ensure that
any migration arising fronthe processingthe application andcthe storageis quantified
and that the resulting dataare rigorouslyinterpreted with respect to food health and

safety issueqGrob et al., 200y
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1.10.2.Concernregarding potential food contamination by melamineand melamine

derivatives

In 2008, in China, there wassaverefood adulterationincidentfollowing the deliberate
addition of melamineto infant milk formula.The incident resulted irthe deaths andor
hospitalisation of many babies after consumption of the fo¢chou et al., 2010 In
addition to global condemnation of thencident many governmental and nen
governmental agenciegoicedthe need toestablishstandard method and procedures
for the detection and quantification ahelamine and its analogous compoun@dan et
al., 2009 Lund and Petersen, 2006Ths incident brought melamine and related
compoundsinto the spotlight and has resulted irtonsiderable attention/awareness

being activatedwvith regards to melamine and its hydrolysis products

The Chirseincident was not a migration issuélowever following the incident, lhere
has been continuing interest from consumer advocacy grompsnderstandng the
migration characteristics afomponents ofamino crosdinked coatings since thee are

used in food contact based applications

Melamine has an SML (specific migration limit) of 2.5 m¢é&mivalent to 25 ppm) of

food or food simulan{European Union, 201}bPrior to January 2012when Regulation

EU 2011b came intiorce), melamine had a higher SML of 30 mg/kg based on a tolerabl
daily intake (TDI) value of 2.mg/kg body weight (b.w.) for this substanc&he
restrigdions were drafted and communicated kipe European Food Safety Authority
(EFSAjor the European Cmmission (EC)f the European UnionEFSA, 2010QbAs a
result of a recentre-evaluation of melamine by HSA, including a consideration of
exposure from sources other than food contact materials, it was concluded that the
migration limit for melamine should be reduced and the migration limit & &g/kg

food was the resul{European Union, 201}b

Figurel.10-1 shows that from 2008, most probably because of ti¥€hirese melamine
issué, the number ofrelated journal articlesrose to a maximumnbefore tailing off

somewhat
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Figurel.10-1: Number of articles published each year froB905to 31/07/2013 on the topic of

"melamine food contamination', using SciFinder scholar search gateway
1.10.3.Potential migrants in food contact aminbasedcoatings

In amino crosdinked can coatingshat are intended for food contact applicationghe
key potential migrant compounds that need to investigated are melamine,

benzoguanamingcyanuric acigformaldehyde and related low molar mass derivatives.

1.10.3.1. Melamine

NH,
NT N

A

HoN N NH,
Figurel.10-2: Melamineg, (2,4,6-triamine 1,3,5-triazine)

Melamine is a 8nembered, heterocyclicompound,(Shimadzu, 2010 belonging to a
group of compounds known as thetriazines,composed of three carbon atoms and

three nitrogen atoms in the rindKatritzky et al., 2008 Melamine has adubility value
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(in water) of 3.3 g drif, a moleculaweight of 126 g/mol and a mighg point of 345°C,

(Bann and Miller, 1958The chemical structure of melamine is showrrigurel.10-2.

It was mentioned in Sectioh.10.2that European Union legislatotsaveallowed the use
of melamire as a monomer in the manufacture of plastic articles and lestablished a
specific migration limit (SML) &.5 mg/kg forits use (European Commission, 2005b
European Union, 201)b

1.10.3.1.1Melamine and its hydrolysiproducts

)Nl"z OH
) o
HzN)\N/)\NHZ HzN)\N/ OH
A B
A e A\
OH OH
N|)§N NI/§
HzN)\N/ NH, HO)\N/ OH
B D

Figurel.10-3: A: melamine, B: ammeline, C: ammelide and D: cyanuric acid

)N\Hz %)XC\IHZ OH
N o
H,NNZ NH, H,NT N SN i,
N \ 4
HO_ _NH S
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HZNJ\.I\.I)\NHZ HzN)\j\.l)\NHz

Figurel.10-4: Mechanistic pathway showing the hydrolysis of melamine to ammeline
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The hydrolysis of melamine in a mineral acid or in a basic medium generates ammeline,
ammelide and cyanuric acid, one step after the other with cyanuric lagidg the end
product of the hydrolysis(George et al., 2006 This hydrolysis pathway is shown in
Figure1l.10-3. The reaction mechanism for the conversion of melamine to ammeline is

shown inFigurel.10-4.

When melamine anccyanuric acid c@xist in a matrix, there is a tendency for the
F2NXYFGAZ2Y 27T & Yénelarwidegy&uria édcil yoinaleorngetldhrough
H-bonding interactions beveen the melamine and cyanuric aci@he selfassembled

G & dzLINJ Y 2oinfe¥ dgfepréskntedin Figure1.105, (Sun et al., 201,Katritzky et

al., 2008 Litzau et al., 2008 The main problem posed by this complex is its relative
insolubility compared to the solubility of the individuabmpounds, melamine and
cyanuric acidThis means that the complex can precipitate from the urine and form

kidney stones, causing renal damage.

~‘H\N/H/ \‘lo” §~H\N/H"'
N)QN Fﬂ\‘\)\NH N)§N
\ I NS _ | /
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Figurel.10-5: Melamine-cyanuric acid complexalsotermed melamine stones

1.10.3.2. The migration of melamine from coatings

Chromatographic techniques are important time analysis of melamino migrants from
coatings into food or into food simulants. The techniques saparae individual

compounds from a mixture, even when these compounds are very sjnjilagner,
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2008. These techniques include liquid chromatography (LC), gas chromatography (GC)
and inverse gas chromatogray (IGC) together with associated hybrid techniques- (GC
MS,LaMSandsooqii KS &deévoz2f aa{é¢ RSy20Sa Ylaa aLlS

To obtain a efficient separation system that can be used prior to determirtimg
melamineloadingin migrationbased studiesseveral columns and extraction media have

been citedand are available(Chan et al., 2009 For each column used, ghlimits of
quantification wererecorded. MALDMS (matrix assisted laser desorption ionisation) has

also been successfully used in the analysis of melamino compounds, several matrices
having beeremployed (Campbell et al., 2007 For the LC quantification of melamino
migrants, theuS 2 F &fAl&ac2if2(LSRE O € A 6 NI G A 2 y(Bradley y Rl NJ
et al., 201).

During the analysis of melamin@sa migrant from coating systemany formdion of the
melaminecyanuric acid complex could pose a problem because ofthe relative
insolubility of the complexin a large humber of solvents, compared to the solubility of
the individual compounds, melamine and cyanuric adrd.practice, the additionof
diethylamine can lead ot this complex being igdsociated a procedure that helps
significantly to dissolve any ammeline and ammelide, both of which have limited

solubility in some solventgLitzau et al., 2008

1.10.3.3. Benaoguanamine

N~ SN
)I\ )\
HoN N NH,
Figurel.10-6: Benzoguanamine

Benzoguanamine is anember of the triazine dmily. The chemical structure of
benzoguanamine is shown iRigure 1.106. It is less functional tha melamineas it

containsonly two amino groups. It is used as a monomer in amino resin systems
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Benzoguanamineas supplied, magontain up to 2% melamingjther as an impurity or

as an additiveThe melamine impunitcan thereforecompete with the benzoguanamine

in reactionsjncludingthose occurringduring the preparation o€rosslinker compounds
(Inchem.org, 200l Benzoguanamine forms a crelésked network when reacted with
other resin precursors (Mark, 2003. Various crosslinkers that are based on
benzoguanamine are used in coating formulations along with other resin precursors
achieve supeaor performance characteristicsThese characteristics include good
mechanical properties, good barrier properties and good chemical resistance,

(Christensen, 19797

The specific migration limit(SML) of benzoguanaminds 5 mg/kg (European Union,
2011B. For both melamine @d benzoguanamine, the legislation establishing migration
limits relates only to plasticiNonethe-less, in the absence of legislatidrarmonised at

the EU level specifically for can coatings, these migration limits are often taken as

presumptive standads for nonplastics tog (European Union, 2013b

1.10.3.4. Formaldehyde

O

A

H H
Figurel.10-7: Formaldehyde

Formaldehyde is a difunctional organic compouhdt is usually supplied in aqueous
solution, stabilised with methanol because of its tendency to polymerise. It is stable in
alcoholic solutions, in closed container systefhgewis, 1989 The chemical structuref

formaldehydeis shown inFigurel.10-7.

European Union legislations hagstablisled a specifianigration limit(SML)of 15 mg/kg
for the use of formaldehyde in plastics and in food contact materigsiropean
Commission, 2005b
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1.10.3.4.1Paraformaldehyde

Paraformaldehyde is an oxygeontaining polyacetal compound which is formed
through the addition polymerisation of formaldehyde, a reaction that takes place as an
agueous solution of formaldehydie concentratedThis addition polymerisation is only
slightly exothermic. As a result, paraformaldehyde undergoes depolymerisation in water,
reforming formaldehydeln certain instances, paraformaldehyde is used to manufacture
amino resingn an alterndive approachto using formaldehydg(Fox and Whesell, 2004.

A schematic representation ofgpaformaldehyde is shown iRigurel.10-8. Figurel.10-9

showsareaction schemdor the formation of paraformaldehyde.

i
HO—C—OTH
H 8-100

Figurel.10-8: Paraformaldehyde

e ]
HO
H)]\H H,0 HO/\OAO/%O/\O/\O/\OH

Figurel.109: Formation of paraformaldehyde

1.11. Health, safety and environmental aspects of can coatings

In reality, coatings may (will) contain one or more of each of the following, pigments,
residual componentsand additives. It is, therefore, in line with health and safety
protocols, that the Council of Europe (COE) has provided a list of chemicals, including
monomers that can be used in coatings manufacture application with respect to can

coatings (Council of Europe, 19968Council of Europe, 2002 These provisian are

intended to reduce the riskthat arel 8 32 OA I GSR A GK GKS KIyRfA

chemicals and the derived products.

Many of the solvents and polymeric binders that are used in coating formulations are

required to meet established environmeait standards. These standards are updated
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regularly on the basis of acquired exposure data that are related to the volatdithe
emission of environmentally unfriendly compounds amd the effects of such
compounds on test specimenfAlidedeoglu et al., 2011t is also for environmental
reasons that many waterbornéunctional polymers are increasingly preferred over their
solventborne counterpartswhenthese areused in coating formulationgZhu and Hu,
2011). Similarly, the curing of a coating by radiatiqiJV radiation for example)s
considered by many to be environmentally friendlier than curing/drying that involves the
removal of solvents and other volkt organic components (VQ@pozzelino et al., 20)0
The following four options can be regarded as formulation strategiesamat be aimed

at reducing volatile emissionfsom coatings. These are rowdo the formulation of
powder-based coatingghe formulation ofwater-based coatingghe formulation oflow

VOC coatings arttie employing radiation curing procedures.

Several slventless coatings(100% curing formulations and powder coatingaje
available commercially. Because these do not contain any solvent, when they are used in
can coating formulations, they can be expected to offer good barrier characteristics by
preventng/reducing the occurrence of those bulk defects and surface defects that arise
from the migration of the solvent through the coating, (cissing, bubble formation,
GNJ LILISR @2ARa0® { dzOK RS T th@anted redctghtsaredableJt & |
to reach the metal substrate surface by either chemical proesss physical processes

and possibly cause corrosigiWeinmann, 1998

1.12. Regulations for can coatings

Regulatory measures that relate to can coatings, if adopted ssteky, ensure that
sustainably defined coating manufacturing routes are in pldlcat good formulation
strategies are followedhat the appropriate coating materials are supplied and that such
materials are stored appropriately. The regulatory measaies govern whether or not

the appropriate application methods have been/are used. The effect of legislation that
relates to the coatings industry is seen in the classification of labelling, in market

restrictions, in VOC controls, in the need for not#tmn of the use of new chemicals, in
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the assessment of existing chemicals and in the maintenance of regulations covering the

exposure limits of the substancddotischky, 2001

The Registration, Evaluation, Authatimn and Restriction of Chemicals directive
(REACH), is a product of the European Commission for enterprise and industry. This
directive is designed to ensure that chemicals are handled properly to ensure human and
environmental protection. In its part, BFACH legislates that manufacturers must
communicate with downstream users. This means also that in situations where a product
is identified as being inappropriate, this information should be communicated to the

users (European Comission, 2007

Although the REACH directive exempts most polymers from registration and evaluation,

the regulation/responsibility of safety that is contained in tlegislation that has been

laid down applies to coating manufactureignce many coating starting materials are
affected. This responsibility, by implication, means that there is a need to provide, to
transporters, suppliers and the end user, informatianK & NBf I §Sa G2 {F
materials to ensure that health and safety issues are addressed. Also, risk assessments
on hazardous materials are required as is the substitution of such materials with safer

alternatives to ensure health and safety compta

Table 1.121 shows examples ofegulationsthat are relevant to coatingsand the
G O2 I Ay 3 athat ralafeRalgafétyNahdSeavironmentasues
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Tablel.12-1: Regulations relevant to coatings that relate to safety and environmental issues

Regulation Regulatory Organisation Description Rekrence
Aims at reducing the emission of
S . : : : : (European
VOC Solvent emission directive European Commission volatile organic solvents including -
_ Commission, 1993
from coatings
_ _ _ o Applies to production and waste (European
TiG, production regulation European Commission

AP (96) resolution orsurface
coatings intended to come into Council of Europe

contact with foodstuffs

Test procedures for resinous

materials used in food contact US FDA
coatings
Risk assessment procedures US FDA

disposal of Ti®

[ 2yG1FAya &LISOATA
manufacture based on health and
safety. Global and specific migration
limits of monomers and additives that
are used in food contact coatings
Descriptions of allowed levels of
chemicals including monomers,
solvents etc. that can be used in fooc
contact coatings

Detectable limits of melamine that ca

cause health effects

Commission, 1992

(Council of Europe,
1996

(US FDA, 201]a

(Newstrack, 201p
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Directive 94/62/EC European Commission This relates to procedures teduce (Oldring and Nehring,
packaging waste problems through 2007
recycling and other methods
Directive that includes the formulatiol

: L . : . (European
Dangerous preparations directive European Commission and supply of mixtures such as paint: -
_ Commission, 1994
inks etc.
Resolution on standardisation based
_ _ _ on risk assessments and safety _
Resolution on inks for use in food _ _ _ _ (Council of Europe,
_ _ Council of Europe evaluations on inks applied to nen

packaging materials _ 2005
food contact areas of food packaging
materials
Not specifically on can coatings or
inks, bu a general regulation on the

Regulation on articles to come into _ design, composition, measures, (European Union,

_ European Parliament _

contact with food labelling and safety assessment of 2009

materials that are intended to come

into direct contact with food.

Regulation/restriction on the use of This relates to the restriction of
(European
certain epoxies in food contact EuropearnCommission certain epoxy chemistries for us as
Commission, 2009a
applications binders, monomers in coatings for
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safety reasons

Includes directives on certain
Directive on coated cellulose

monomers/solvents that are allowed (EuropearComission,
materials in food contact European Commission

or restricted for use in coatings that 2009
applications

are applied onto cellulosic substrates

This primarily relates to plastic
Directive on simulants that can be

materials. Howevelit is adopted as a (European
used in testing migration of plastic European Commission

method of testing migration from can  Commission, 1985
components into food .

coatings

Directives on the use of wax coatings

Produce safety: safe handling of ra on farm produce. Producer, shippers
US FDA (US FDA, 201)b
produce and supermarkets need to comply
with.

Provides a list of allowed coating raw
Regulations for polymers and resin
US FDA materials, conditions of testing (US FDA, 2013b
based coating materials
coatings and relevant migration limits
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Chapter 2:Preparation of reagentsgharacterisation of raw materials

and calibration ofthe curing oven

2.1. Introduction

It is important to follow established and repeatable procedures in the preparadith

use of laboratory reagers It is also important to document the procedures that have
been followed In the preparation of chemical reagents and of cheinisamples,
methods can vary in terms of the nature of the materials to be used, their concentration,
their measurement and the volumes that are requir€bod laboratory practice involves
following safety precautions, using appropriate safety devi(®sh as fume cupboards,
spectacles, hand gloves and glove boxes) and following advice from Material Safety Data
Sheets (MSDS).

The effective lbaracterisation of materials is vitab effective coating science and
technology. This isecausethe data thatare obtainedprovideinformationrelated tothe

Y I G S Ndnpdsi€ioh, properties and structure. Knowledtiat is obtained from the
characterisation and testing of a sample material Balpe to understand itsnteraction

with other components and with itseMvhen it is used in complex formulation$-or the
characterisation of pigments, particle size analysis, zeta potential analysis and optical
and/or electron microscopy are useful techniqué#ith regards to polymers or pre
polymers, techniques such ashe various forms ofthermal analysis, spectroscopy,

spectrometry, residual analysis and miaropy have an important part to play.

Many can coatings are applied to the metal substrate as liquids. The liquids are then
converted into dy films by curing in the oven, for specific curing periods at required
temperatures. The ovens are simply heating chamb#érat can be of different sizes
depending on the curing needs. The ovens need to possess good tempecahirel,

good air flow often beingfitted with conveyor belts to transport substrates during the

curing.
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In this chapterdetails concerninghe purity of chemicals, gradef pigmentsand so on
are provided. In additionthe chemical nature of polymers and of crdssers, the
equipment that was used and the procedures thatre followed in the characterisation
of TiQ pigments and of amino crodmker compoundsare given The procedures that

were used to calibrate the curing ovamne describedRelevant results are alsliscussed.

2.2. Materials

In the preparation ofrequired aqueous solution of the chemicals, doublglistilled,
RSA2YyA&aSR ¢l 6§SNE RA & OKPukRSIek-VeblPdittillet, yas 9 f 3|
employed (Elgalabwater.cot Table2.2-1 provides a list of the chemical reagents that

were used in thestudy, details of the supplieand the purity and grade of each of the
chemicals For each chemical, MSDS advice was follow&d. example of MSDS

information presentation is given in Appendix 1.

In the calibration of the Werner Mathis curing ovean electronic thermometer, Comark,
type 1602 was used(Comarkusa.comTinplated shees were used as substrates in the
studies Thesawere provided by ValspafValspar UK, 20)1They were manufactured by
Arcelor Mittal with specifications 02.8/2.8 TH415 0.21mm (Arcelormittal.con).

The different grades of the Ti@igment are shown iTable2.2-2. The three grades of

the pigment differ from one anothein the average particle size arl the multilayer

inorganic treatmentthat has been appliedver the TiQcore.9  OK LA AYEBYy (1 Qa
was treated with aluminium oxide in order to enhance the pigmeatticleQa & G F 0 A f A |

the coating formulations.

The various amino crosmker compounds are shown fable2.2-3. Each class of amino
crosslinker differs from another class on the basis of the chemical composition, the
solids content, the viscosity, the coating compatibility, the water solubility and the cost,
(OCCA, 1993The crosdinkers in each particular grougiffer from one anotherin ther
composition, their degree of alkylation, their degree of methylolation, their water

solubility and their viscosityValspar UK, 2031
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Table2.2-1: Inventory of chemical reagents used

Chemical Supplier Purity
1-methyl propanone Aldrich 99%
2-butoxy ethanol Acros Organic 98%
Acetic acid Aldrich Glacial
Ammonium acetate Aldrich 97%
Benzoguanamine Aldrich 97%
Chromotropic acigdisodium saldehydrate Aldrich 99%
Cyclohexanone Alfa Aesar 99%
Formaldehyde Aldrich 37%
Melamine Aldrich 99%
Naphthat A 3K { | (N@matic 1000 un Valspar 99%
Propyleneglycol monomethiether acetate Aldrich 96%
Sodium dihydrogen phosphate monohydrate Alfa Aesar 97%
Sodium thiosulphate pentahydrate Alfa Aesar 99%
Surfynol® G324 Air Products 99%
Xylene Vickers 97%
Table2.2-2: Different grades of Tigpigments
Acronym  Av. particle size  Zeta potential Surface treatment Supplier
PW1 318 nm -54 mV Alumina Valspar
PW2 310 nm -49 mV Alumina Valspar
PW3 355 nm -46 mV Alumina Valspar
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Table2.2-3: Various melamino crostinking compounds

Acronym Chemistry Supplier
HMMM-1 Hexamethoxymethyl melamine Cytec
HMMM-2 Hexamethoxymethyl melamine Valspar
HMMM-3 Hexamethoxymethyl melamine Valspar
HBMM-1 Hexabutoxymethyl melamine Cytec
HBMM-2 Hexabutoxymethyl melamine Cytec
HBMM-3 Hexabutoxymethyl melamine Valspar
MMTG1 (TMTBM) Methylol melaminetype crosslinker Valspar
MMTG2 Trimethylol tributoxymethymelamine Valspar
MMTG3 Methylol melaminetype crosslinker Valspar
MMTG4 Methylol melaminetype crosslinker Valspar
DBMB Dibutoxymethyl benzoguanamine Valspar

2.3. Preparation of chemical reagents as aqueous solutiondunless

otherwise stated

2.3.1. 10%(v/v) ethanol solution,1.72M

100 mL of ethanol as placednto a 1L volumetric flask. The volume of the ethanolic

solution was achieved by making up to 1 L with dowyilled deionised water.

2.3.2. 3%(v/v) acetic acid solution0.5M

30 mL of acetic acid eve weighed and transferred into a Ll volumetric flask. The
volume of the aqueous solution was achieved by making up to 1 L with ddistied

deionised water
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2.3.3. Phosphate buffer, 5mM

0.69 g of sodium dihydrogen phosphate monohydrate were weighed armbldes] in
approximately 900nL of distilled water. The pH was adjusted to 6.5 = pH 0.2 by adding
small aliquots of an aqueous (10§tg) sodium hydroxide solution. The volume was

made up to 1L with doubly distilled water

2.3.4. Chromotropic acid salt solutionl4mM

0.5 g of chromotropic acid disodium salt were weighed and dissolved in 100 mL of doubly
distilled water, in a volumetric flask. This solution was prepared on each day of analysis

due to stability concerns.

2.3.5. 75%(v/v) sulphuric acid solution, 14M

125 mLof doubly distilled water were measured into a 500 mL volumetric flask. The
volume of the flask was then made up to 500 mL by adding sulphuric acid, in portions, in
a fume cupboard. This solution heats up considerably during preparation and therefore

the flask was kept under ice during the dilution.
2.3.6. Melamine calibration solutions

2.3.6.1. UW-Vis calibration solutions

5 mg of melamine were weighed into a BL volumetric flask. The volume was made up
to the mark witha 3% (v/v) aqueousacetic acidsolution The proedure was repeated.

Thus, a second stock solution was obtained

Calibrationsolutions were prepared by measuring 0.25 mL, 0.5 mL,,24miL, and 8 mL
of the melamine stoclsolution, respectively into a series of 20 mL volumetric flasks. The
volumes of thdlasks were then made up to the mark wi8%(v/v) aqueousacetic acid

solution

2.3.7. Benzoguanamine calibration solutions

A stock solution of benzoguanamine was prepared by weighing 0.05 g of
benzoguanamine into a 500 mL volumetric flask. The volume of the flask was made up to

mark witha 10%(v/v) aqueous ethanol solution.
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Calibration solutions were prepared from the stoaiusion. Into a series of 10 mL
volumetric flaks, O pL, 10 pL, 50 pL, 100 pL, 500 pL, 1 mL, 2 mL, 4 mL and 8 mL of the
benzoguanamine stock solution were pipetted. The volume of each flask was made up to

the 10 mL mark witta 10%(v/v) aqueous ethanol solutian

2.3.8. Formaldehyde calibration solutions

A stock solution of formaldehyde was prepared by weighing 0.8 g of formalin into a 200
mL volumetric flask. The volume of the flask was made up to mark avitf% (v/v)
agueous ethanol solutionThe procedure was repeated and a second stock solution was

obtained. Both solutions were then kept in a refrigerator 85

Into a series of 25 mL volumetric flaks, O pL, 15 pL, 50 pL, 100 pL, 200 pL, 300 pL and 500
uL of the formaldehyde stock solutiavere pipetted. The volume of each flask was made

up to the 25 mL mark witla 10% (v/v) aqueous ethanokolution The procedure was
repeated using the second stock solution that was prepar&tl of the calibration
standard solutions were kepin a refrigeator at 5 °C prior to being analysed for

formaldehyde content using the procedure described in Sectidr6.1

2.4. Characterisation of crosbnker compounds

The vaious amino crostinkers compounds are shown Trable2.2-3.

2.4.1. NMR characterisation

NMR spectra were recorded using a Bruker Avanige 600 MHz) spectrophotometer
(Bruker.com), with dimethyl sulfoxide (DMSO) as the solvent, &t°€. Small portions of

each sample were dissolved in approximately 2 mL of DMSO. These were then shaken
thoroughly before analysis. The amino criiskers were characterised by NMR to
observe the presence or absencecaH and Nklpeaks in the spectraa T ®H b T ®n
YR pody b cdH LILIY NBaLISOGAGSted {dzOK |yl f
not there was any detectable melamine (residuaktwat generated during hydrolysis) in

the samples
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2.4.2. FFIR characterisation

The melamino crosknker sampes were characterised using-FR spectroscopysing a
PerkinElmerspectrophotometer, Spectrum On@Perkinelmer.co The instrument was
operated under an attenuated total reflectan¢ATR)mode, at room temperaturePrior

to sample analysis, a background run was carried out, which was then subtracted from
subsequent spectra to produce the sample spectra. After mounting a drop of each
sample, on the diamond,pgctra were recordedby carrying out 100 scans at 4 ¢m

resolution.

2.4.3. Mass spectrometric analyses

Each melamino crodsker was evaluated for itsnolecular weight and mass/charge
ratio using a Bruker micOTOF mass spectroméBnuker.con). The spectrometer was
operated under the electr@pray method(positive ionisation modeand was equipped

with a time of flight (TOF) detector. The samples were prepared by dissolving small

portions of the crosgdinkers inapproximately 2 mL of methanol

2.4.4. CHN elemental analyses

The CHN analysis was carried out ussnghermo Flash EA 111ZThermo.con).
Approximately 2mg of each creleker were weighed into a tin capsule. This was then
placed into the autesampler and was subsequently moved into the reactor chamber.
This sample was flushed witbxcess oxygen at 900. This triggers an exothermic
reaction and subsequent combustion, producing,CRQ and HO. These gases were
moved by a helium carrier gas. The resulting mixture was separated in a chromatography
column. Through this procedure, tredemental distribution, as a percentage in each of
the crosslinkers, was recordedOxygen was calculated by difference (i.e. 100% minus

(C+H+N)).

2.4.5. Residual melamine analysis

1 g of each crostnker sample was weighed and dissolved in 50 mL of methanal, in
volumetric flask. Portions were then taken for analysis, by HPLC, for any residual
melamne that might be present. The HPkGnditionsthat were used are described

below, (Smith et al., 2008
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Column:Hypersil C18, N 5 um, 2rim x 300 mm(Chromtech.com
Column temperature25°C

Injection volume:10 pL

Detection:UV, 230 nm

Eluent A 100% acetonitrile

Eluent B5mM phosphate buffer, pH 6.5

Flow rate:1 mL/ min

Run time:10 mirutes

Method: Isocratic (10% Eluent A and 90% Eluent B)

2.4.6. Residual benzoguanamine analysis

1 g of each crostnker sample was weighed and dissolved in 50 mL of methanol, in a
volumetric flask. Portions were then taken for analysis, by HPLC, for any residual
benzoganamine that might be presentThe HPLC conditions that were used are

described below:
Column:SiELC Obelisc N, 5 um, 100 Apghix 150 mm (Sielc.com
Column temperature30°C
Injection volume:10 L
Detection:UV, 248 nm
Eluent A:100% acetonitrile
Eluent Bammonium acetate+ 0.1% (v/v) acetic acid
Flow rate:0.5 mL/ min

Run time:15 minutes
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Run time:Gradiert

The HPLC procedure was used as described in the litera{Bradley et al., 2000 The
procedure was modified to account f@ome differencesni the approachto sample
preparation. Such modifications were necessary because of the samples to be analysed
and the food simulants that were usetihe conditions of théinear gradient method are
shown inTable2.4-1.

Table2.4-1: HPLC method, gradient conditions

Time/min %EluentA %EluentB
0 5 95
5.0 50 50
9.0 50 50
9.5 5 95
145 5 95
15.0 5 95

2.4.7. Thermogravimetric analyses

The thermal decomposition profiles of the crdssing compounds were recorded using
a TA Universal Instruments (V4.1Dainstruments.cor)) over a temperature range @b
L 500°C, with a heating rate of 2G/min. Small quantities of the sampléapproximately

5 mg) were used in each analysis

2.4.8. Differential scanning calorimetric analyses

DSC analyses of the crdsker samples were carried outsing TA Instruments (Q10)
(Tainstruments.com The samples werbeated from 30C to 506C using a Z&/min

heating rate, during which endothermic and éxermic transitions were recorded.
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2.4.9. Rheological studies

2.4.9.1. Shear ramp studies

Rheological S @I f dzI G A2y & 5SNBE OF NNRA SRs (RRE#52) dza Ay
(Tainstruments.com The evaluations were run under a continuclsar stressramp

mode at 25°C. Asteel paralleplate, with a 4mm diameter anch truncation gap 060

pm, was used

In each case, enough of the crelgsker sample wagoured onto the rheometebase
plate to cover the parallel plate. Excess sample was then removed after the plate had
made contact with the sampl@he shearstressrate was increased from 1 Pa to 100Q Pa

Seventy viscosity value points were collected during a total run time of 5 minutes.

2.4.9.2. Temperature ramp studies

¢KS GSYLISNFGdZNE 3INIRASY(H NIFYLI GSaida #SNB
G2) (Tainstruments.comy equipped with a 1° angle aluminium cone, having a 60mm
diameter, using a truncation gap of 33 um. The cilodser sampes were evaluated at a
constant sheastressrate of 5.00 & over a controlled range of temperatures between 25

°C and 50C. In each case, the change in viscosity (flow behaviour) vses\@a as the

temperature rose.

Flow recovery tests on selected ssdinkers were carried out, employing three peak
hold steps. Step 1 was a low shear step where values of viscosity were recorded at 0.1 Pa
s shear. In Step 2, a high shetmessof 1000 Pa s was applied and the viscosity response
was monitored. In the fial step, Step 3, a low sheatressof 0.1 Pa s was applied to

allow for observations of any flow recovery of the testmmpositions

Flow kinetic parametersvere calculated based on the Arrhenius equation, using the

procedures and the equations that were described in Sedi8nl.5
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2.5. Characterisation othe polymericbinders

2.5.1. Thermal analyses

For the TGA characterisation thie polymeric binders anadf pre-polymer solutions, lte

proceduresthat weredescribedn Sectior2.4.7to 2.4.8were used

2.5.2. Solidscontent estimation

A known weightof each crosslinker sample (typically 1§ was appied onto a metal

substrate of defined area andas then heatedn an oven a200 °Cfor 30 minutes or
until a consistent weightvas acheved. Theevaluationis represented by¥quation1.8-1,

in Sectionl.8.1.2

2.5.3. Freemelamine analysis

Approximately, 1gof each melamindased cros$inker was measurednto a 50 mL
volumetric flask. 50 mL of methanol were then added to the flask. The contents were
shaken thoroughly. Portions were then taken for analysis, by HPLC (S2etién for

any residual melamine that might be present.

2.6. Characterisation of the Tigpigments

The three different grades of the TiOpigment are shown irTable2.2-2. The three
grades of the pigment differ from one another on the basis of average particlensore
disperse size distributioand on the basis of multilayer inorganic treatment over the,TiO

core.

2.6.1. Particle size analysis

For this aspect of study, a Malvern Instruments Zetasizer (NM&)owasused
(Malvern.con). For each othree pigment grades, the following procedure was adopted.
Approximately, 1g of each pigment was weighed and transferred into a beaker. 1 mL of
Surfynol CBB24 was added to act as a dispersant/wetting agent, before mixintil a

paste was formed. 40 mL of doukdystilled water were then added into the beaker. The

mixture was stirred and ultrasonicated for 5 minutes, after which time a suspension was
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formed. 15 drops of the formed suspension were then added into adreabntaining 25
mL of doublydistilled water. This mixture was then shaken and stirred. Portions were

then transferred into plastic cuvettes for particle size measurement

The technique used in the particle size analysis procedure is based on dynarnic ligh
scattering (DL$S)Syvitski, 1991 During the analysis of eachlute sample particles in

the sample that are in a state of Brownian motions glitgminated by a laser beanThe

light scattered by the particles is collected and measured with a photomultiflight
fluctuationsin the detector are also caused by th@oving particles. The extent of the
fluctuation depends on the size of the individual particlegth larger particles causing a
more rapid fluctuation at the detector than smaller particleBhe ntensity of the
fluctuations is computed to provide anintensity correlation function, whose analysis
provides the diffusion coefficient of the particles (also known as diffusion constast)

represented byEquation2.6-1.

Equation2.6-1: StokesEinstein equation

Here D is he diffusioncoefficient, R is the radius the particle, k is theBoltzmann

constant, T is the temperaturand’ isthe viscosity
2.6.2. Zeta potential measurements

For the zeta potential measurements, a portion of each ofsaepleshat wasprepared
according to Sectin2.6.1¢6 | & Gl 1Sy FtyYyR (NI YyaFSNNBR Ay(z
potential measurement, using the Malvern Instruments Zetasizer (NeB)o

(Malvern.con).

2.6.3. Hydrophilicity testing of the pigments

The hydrophilic nature odachthe three grades ofTiQ pigment particles was estimated
because of theneed to knowthe ability of the different grades of the pigment to retain

moisture.
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1 g of each pigment grade was mixed with 1 mL of distilled water until a pigment paste
was formed. Each paste was applied onto a watch glass and allowed to dry in a fume
cupboard for 24 hours. Portions of the samples were taken and studied using TGA. The
thermograms were recorded using a TA Universal Instrument V4.1D
(Tainstruments.cory over a temperature range of ¢80(PC, using atemperature
increase rate of 1W/min. Small quantities (approximatel® mg) of each sample were

used for each evaluain.

2.6.4. Scanning electron microscopic evaluations

In order to observe the morphology of thhree grades ofpigment particles in each of
the TiQ pigment grades, a JOEL J6640LV, Oxford Instruments INGMax 80 EDS
was used (Jeolusa.com For the SEM analyses, small parscof each pigment grade
were used. Each sample was mounted on a brass stulihemjpre-treated to a uniform

30 nm gold film deposition, using a BRad diode sputter coating uniiBio-Rad House,

Hertfordshire, UK), before being evaluated by SEM

The metal atom contents and the metal atom ratio in the pigment samples were
evaluated using the EDX components of the JOEEGBIBLYV, Oxford SEM Instruments
(Jeolusa.com 100 frames of data were collected for each sample using an accelerating
voltage of 15kV under the apente 3 mode of operation. In each case, an elemental

distribution for a selected microscopic area was monitored.

2.7. Calibration of the curing oven

2.7.1. Curing oven geometry

The Werner Mathis Oven unit, ModeKTF4099Mathisag.con), was used(Jiang et al.,
2008, (schematically represented iRigure 2.7-1). This unit waschosen to ensure
consistency and control were providetliring the curing of the coatingand that the

conditions of a commercial ovenere replicated The oven was calibrategeriodically,

in order to ensure thait wasconsistentlfit for the intended purpose/studies

56



/ \‘L\
Panelin ~( | . Panelout

%, Dy ) T

|’ o—d |° I ool O | S

G |-
Side A SideB

wp  Drive direction

(| (|
/ ) )
Panel out \ |\ Panelin
/ \\\--_ '-.:: Fe
m a I I J‘ —
\_/ ||=
Side A SideB

& Drivedirection

Figure2.7-1: Schematic diagram of the Werner Mathis oven system

The unit operates via two optionaltissettings that govern the exhaust of species and air
exchange in the oven. These are fan 1 settings and fan 2 settirggmtéd metal panel
can be introduced into the oven, for curirgf the coatings either through side A or

through side B of the oven.

2.7.2. Isothermal calibration

This procedure was carried out to monitor the temperature profile of the coated tinplate
samples while thecoating undemwwent curing in the oven. Thipoint is especially
important if one is to ascertain whether or not a peak metahperature (PMT) can be

achieved while a coated panel is being cured.
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For the isothermal calibration, thEan 1 setting and side A of the oven warsed. The
thermocouple was physally attached onto a tinplatesubstrate The coating wasn
epoxyanhydrideformulation. The oven was switched on and was allowed to reach 200
°C. The heating rate was’@/minute. The coatedhetal panel that hal the thermocouple
attached to it was then introduced into the oven. Temperature readings on both the
oven and the thermoouple were recordeduringthe 12 minutes periodover whichthe

coating was cured in the oven

2.7.3. Temperature ramp calibration

In the temperature ramp calibration, thigan 1 setting and side A of the oven werssd.

The thermocouple was then inserted intoetftoven. The oven was switched on and the
heating proceeded from room temperature until 20C was achieved. Temperature
readings on both the oven and the thermocouple were recorded as a function of the

heating time.

2.7.4. Cooling behaviour and cooling rate stueh

Here, the cooling behaviour of the oven was monitored, from 200to 100°C. The
heating switch in the oven was turned off after a thermocoulpéel beeninserted into
the oven chamber. As the oven was cooling down, the temperature readings on both the
oven dial and the thermocouple were monitored. These measurements were the basis

upon which the cooling rate of the oven was established

275. 7/ FEAONFrGAY3a (GKS 20SyQa (g2 O2YLRYySyda
For this procedure, a thermocouple was inserted into side A of the oven. Thevea®
turned on and was set to heat up to 200. After the heating switch had been activated,
temperature readings on both the thermocouple and the oven display board were
recorded. The measurements were carried out for 30 minutes and readings were taken
after each 2 minute interval. The same procedure was repeated by recording the

temperature readings when the thermocouple was inserted itte Bof the oven.

58



276./ Fft AN GAY3 GKS 20SyQa (g2 Fly aSiaAay3aa
Oven side A was used to monitor the performance of the unit at the two different fan
control speeds that the oven possessed. The thermocouple was inserted into the oven,
side A. Based onFkan 1 setting, the oven was heated from room temperature to 200

The thermocouple temperature reading and the oven temperature reading were
recorded at each 2 minute interval, for a total period of 30 minutes. The same procedure

was repeated based on tHean 2 setting of the oven.

2.8. Discussion of results
In each caseagference to thespecifictest procedure is recommended

2.8.1. Calibration graphs

Figure 2.8 1 shows UV absorptioretails for solutions of themelamine cabration
standardwhere the UV absorbance increased with an increase in the concentration of
melamine in the standard solutions that were employEdjure2.8-2 shows a calibration
trace for the absorption that occurs a wavelength near35 nm, (Han et al., 2000 In

the figure, he UV absgition increased with an increase in the concentration of

melamine in the standard solutions that were employed

2 14“44 —n—1.25 ug/ml
<4 —e— 2.5 yg/ml
9 « 1 5 pg/ml
= < 4 —v— 10 pg/ml
o1 g 1 20 ug/ml
§ 4 « <40 pg/ml
< <
1‘ V""w' r:.'; k!
vid
220 240 260 280

Wavelength/ nm

Figure2.8-1: UV absorptionvariation in absorbance with wavelength®r melamine standard

calibration solutions
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Figure2.8-2: UV calibrationtrace for melamine standard solutions, at 238m

Figure2.8-3 shows a HPLC chromatogram with melamine peak at 3.03 min, during the
analysis ofa 40 pg/mL standard solutiorBoth the melamine pedk wer characteristic
broadening and the cleaseparation of the peak from adjacent peaks indicate the

efficiency of the columithat wasused and the methothat wasdeveloped
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Figure2.8-3: HPLC chromatogram showing melamine peak at 3.03 min, dutieganalysis ofa
40 pg/mL standard solution

Figure2.8-4 shows HPLC calibratiaracesfor melamine. In the figure, for each set of
calibration solutbns, the peak area increases linearly with an increase in the

concentration of melamine in the standard solution¥he results showthe good
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repeatability and reliability of the technique and signify the relevance of employing UV

detectors for melamineontent-related studies.

Peak Area

200+

150+

100

501

Concentration/ (ug/mL)

Figure2.8-4: HPLC calibratiotraces for melamine standard solutions. The numbers represent

calibration solutions that were repeated andeveloped periodically

Figure2.8-5 showsthe UV absorption byhe benzoguanaine calibration standard and

Figure2.8-6 shows a calibratiortracesfor the absorption that occurs at a wavelength

close t0248 nm. Like melaminethe benzoguanamin&JV absorption increasl linearly

with an increase in the concentration bEnzogianaminein the standard solutions that

were used The results signify the relevance of employing UV detectorghi@manalysis of

benzoguanamine

Absorbance

B
it
S 1563 pg/mL
ol 1 “53; / oo e 3.125 pg/mL
¢/ L ----6.250 pg/mL
At - --+~-12.50 pg/mL
200 250 300 350

Wavelength/ nm

400

Figure2.8-5: UV absorptionvariation in absorbance wittwavelengthfor benzoguanamine

standard solutions
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Figure2.8-6: UV calibration tracgor benzoguanamine standard solutions

In Figure2.8-7, HPL&ased calibratiortraces of benzoguanaminesolutions are shown.

The figure shows that when theoncentration of benzoguanamine in the standard
solutionsis increased both the corresponding benzoguanamine peak height and the
benmodguanamine peak area increase accordingly. Thus, in each case, a linear plot is
achieved.Again, the results signify the relevance of employigLchased techniques

and UV detectors for the analysis of benzoguanamimeigration related studies.
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Figure2.8-7: HPLC calibratiotraces peak height and peak area versus concentratidor,

benzoguanamine standard solutions

62



Figure 2.8-8 shows a HPLC chromatogram with benzoguanamine peak at 2.657 min,
during the analysis of 6.250 ug/mL standard solutifite benzoguanaming@eakexhibits
lower characteristic broadening argbod separation This indicates the efficiency ofthe
column used and the method developedor the analysis and separation of

benzoguanamine in migration related studies.

mAL
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2-n.a-2657

250

| 1-n.2-1573

0 1 2 3 4 5 6

Retention time/ min
Figure2.8-8: HPLC chromatogram showirggoenzoguammine peak a2.657 min, during the

analysis ofa 6.250ug/mL standard solution

Figure2.89 shows that UWisible spectrophotometry can be used for the analysis of
formaldehyde. InFigure2.8-7, formaldehyde standard solutions weshownto absorb
visible radiation at 475 nm and the absorption incred$inearly with an increase in the
concentration of formaldehyde inthe solutions. The absorption at 475 nm was a
consequence of the formation @& formaldehydechromotropic acid complexThe 75%
sulphuric acid used during the analygSection4.4.6.]) acts as a dehydrant and also as
an oxidant. During the process, sulphuric acid is reduced hstdus acid (Hudlicky,
1990. The mechanism through which termaldehydechromotropic acid compleis

formed is well documentedFagnani et al., 2003The structureof the complex is shown
in Figure2.8-10.

63



0.3

£
S 0.2
5 0.2-
<
®
3
S 014 R’= 0.992
= SE of slope: 0.01
a8
<C
0.0 T v T v T ¥ T
0.0 0.1 0.2 0.3

Concentration/ (ug/mL)

Figure2.8-9: UV calibrationtracesfor formaldehyde standard solutions
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Figure2.8-10: Formaldehydechromotropic acid complex

2.8.2. Chemical composition of the amino crodiskers

The IR plots obtained from investigations of the crlisker samples are shown Figure

2.8-11to Figure2.8-14. These are seen as changes in the % transmission as a function of

the wavenumber (cm™).
100
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—— HMMM-3
25 |
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Wavenumber/ cm’
Figure2.8-11: FFIR spectra othe hexamethoxymethyl melamine (HMMM) crostnkers
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Figure2.8-12: FFIR spectra ofthe hexabutoxymethyl melamine (HBMM) crodskers
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Figure2.8-13: FFIR spectra ofthe methylol melaminetype crosslinkers (MMTC)
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Figure2.8-14: FTIR spectum of the dibutoxymethyl benzoguanamine (DBMB) creksker
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The band for the hydroxyl functionality in the methyl@GQHOH) group is visible in the
spectra of the methyletype crosdinkers Figure 2.813 and Figure 2.8-14), at a
wavelength position of approximately 3300 ¢m(Socrates, 2001 This observation
clearly distinguisheshe methylolated crosslinkers from their alkylated counterparts
Figure2.8-11 and Figure2.8-12, from the stand point of the presence of methylolation.
The results also provide evidence for the presence of methyle@éi€) functionality in
the crosslinkers, at wavenumber position of 2900 ¢mTheresults do not show any
evidence othe amino¢NH; stretching band, at 3500 cfindicating the absence of any
residualmelamine andér any generated melamine in the crodisker samples within

this level of sensitivity

The results obtained from the NM&udies on the crosbnkers @nalysedas supplied)
are represented inFigure 2.8-15 to Figure2.8-18. The NMR peak assignments were

carried out based on literature report@Barrett, 1996 Bauer, 198k
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Figure2.8-15: 'NMR spectra ofhe hexamethoxymethymelamine (HMMM) crossinkers

Thehexamethoxymethyl melamine (HMMM) crekiskers are clearly identified iRigure
2.8-15. The peak near 5.@pmis a characteristic of theCH, protons while the peaknear
3.4 ppm is a characteristic of theCH (methyl) protons. The NMRdata do not show
evidence of the melamingNH proton peaks and NHINR G 2y LISF 1 &z | @
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pdPy b c dH LILIVieabsthBeiot BStQNHaGN KIHfunctional groupscould
indicatethe limitations of the technique for the analysis of residual melamino derivatives

in the crosdinkers.
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Figure2.8-16: 'NMR spectra ofhe hexabutoxymethyl melamine (HBMWicrosslinkers

The hexautoxymethyl melamine (BMM) crosslinkers are clearly identified ifigure
2.8-16. The peaknear 5.2 ppmare a characteristic of théirst (CH protons(a) while the
multiple peals near 3.4 ppmare a characteristic of thesecond¢CH protons (b). The
third ¢CH protons peaks(c) are shownnear 1.3 ppm, the fourth ¢CH protons () are
shown near 3.4 ppm. TheCH methyl protons €) are shown near 0.8 ppnThe NMR
data do not show evidence of the melamighlH proton peaks and Nkproton peaks, at
TOH b T dn LIPYMN, tespéetivelydThabsence df Both melamino functional
groups indicateghe limitations of the technique for the analysis of residual melamino

derivatives in the crosknkers.
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Figure2.8-17: 'NMR spectra ofhe methylol melaminetype crosslinker, MMTG1,

(methoxymethyl melaminel) crosslinker

Figure2.8-17 shows the NMR spectra of MMTIC the methoxymethly melaminetype

crosslinker. Clearly, the crodsker has a different chemistry in comparison to the

chemistry of the HMMMs and the HBMMs. The major difference is the presence of

hydroxyl proton & the methylol group.The NMR data do not show evidence thé
melamino¢NH proton peaks and NWWINR2 G 2y LISI 1 4=

respectively.
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Figure2.8-18: 'NMR spectra ofhe methoxymethyl melamine crosginkers (MMTG2, MMTG3

and MMTC4)
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Thethree methylol melaminegype crosdinkers MMT&, MMTG3 and MMT&4, exhibit

very similarNMR characterisation dataas shown inFigure2.8-18. The presence of

methylol functionality in the crosinkers shown by the NMR datagrees with thecFIR
results,Figure2.8-13. Both the NMR data and the #® datado not show any edence

of residual melamingas seen irthe absence cBNHa 4§ NS G OKAy 3 o6F yRX | {
! andthe absence of anyJS I | (NFERNIFE NXY I G A2y a Q3 Lifrdamthecy n b
FTFIR data. Similarlfhe NMR resultslo not show evidence dhe melamino¢NH proton
peaksand NHLINR G2y LISF1a> d 7TdH b 1Tdn LI YR

Theae were minordifferencesbetween the NMR and the AR datathat were obtained

for the different methylol melaminetype crosdinkers.Other minor diferences can also

be seen from the data shown ihable2.8-1 and Table 2.8-2. These dparities arise
because of differences ithe extents of reaction anddifferences inthe levek of
methylolation that are thought to arise during synthesis and also as a result of
manufacturing conditions. The results are relevant to appreciating the
categorisation/differentiation of the crosknker classesQearly, there were sensitivity
and detection limitsassociate with the NMR and the FAIR techniques that were
employed as indicated bythe HPLC datéhat showed the presence oftrace residual

melamine speciem the crosslinker samples
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Figure2.8-19: 'NMR spectra ofhe dibutoxymethyl benzoguanaminéDBMB)crosslinker

Figure 2.819 shows the NMR structure elucidation of the dibutoxymethyl

benzoguanamine (DBMB) crdgsker. The peaknear 5.2 ppnare a characteristic of the
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first cCH protons (a) while the multiple peaks near 3.4 ppmare a characteristic of the
secondcCH protons (b). The third¢CH protons peaks(c) are shownnear 1.3 ppm, the
fourth ¢CH protons () are shown near 1.4 ppm. Tlg€ B methyl protons €) are shown
near 0.9 ppmThemelamine¢NH proton pek (f) is shown near7.3 ppm. The aromatic
protons (g and h)are shown neair.5t 8.5 ppm. The methylol proton (i) is shown at 6.4
ppm. Again, he absence othe melamire NH; proton groups indicates the limitations of

the technique for the analysis of residual melamdwerivatives in the crosbnker.

The mass spectrometritata and therheological data that were obtained from the cress
linker characterisation studiesare presented n Table 2.81, allowing consistent
interpretation to be made. The base peak values and the compound identification for the
HMMM and the HBMM compoundsere found to beconsistent with literature reports
(Chang, 1991

2.8.3. Physicalchemical behaviour of the crosknkers

The overall crosinker characterisation results that were obtained from CHN analysis,
from residual melamine analysgrom mass spectromeic studiesand from rheometric

evaluationsare summarised iffable2.8-1.

The values of molecular weightpresented inTable2.8-1, indicateli K S & Y 22§ @ dzf | |
of each crosdinker type,as provided by thenass spectrum, in each caSéhe table also

shows results from the residual melamine studiéisat were undertaken. The results

indicate that each of theamino crosslinker compoundscontaired residual melamine.

The values obtained for each crdser were different from the othewalues These
differences arise because of differencescimemical compositiorwhich arethought to

arise during synthesis and also as a result of manufaxgwonditions. The resultsare

relevant to appreciating the significance ofthe melamine that is present in the
compositions Thisprovides a basis focorrelatiors to be made between the residual
melamine and the melamine that the crebskers generate aftethe retorting of the

crosslinked, cured coatings

The results obtained from the CHN elemental anedysarried out on the crosinker

samples, as supplied, are showrTiable2.8-2.
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Table2.8-1: Crosslinker characterisation Physicatchemical data, obtained from several studiée. HMMM (hexamethoxymethyl melamine,
HBMM (hexabutoxymethyl melamine, MMTC (methylolelaminetype) and DBMB (dibutoxymethyl benzoguanamine)

S/N Crossdlinker Molecularpeak Residual Viscosity Yield point  Flow activation Infinite shear
(g/mol) melamine (%) (Pas) (10*Pa) energy (kJ/mol) viscosity (Pa s’
1 HMMM-1 391 0.12 5.07 1.99 65.30 4.49
2 HMMM-2 391 0.07 9.28 8.59 70.90 2.95
3 HMMM-3 391 0.18 5.52 8.53 63.90 3.97
4 HBMM-1 643 0.07 4.17 1.80 7.30 4.04
5 HBMM2 643 0.19 2.65 26.96 51.00 2.40
6 HBMM3 643 0.06 4.32 3.39 60.00 4.05
7 MMTG1 (TMTBM) 471 0.15 3.50 3.42 93.30 3.34
8 MMTG2 531 0.15 1.56 0.92 51.10 1.23
9 MMTG3 530 0.14 25.37 0.12 76.30 25.47
10 MMTG4 355 0.15 3.65 1.56 68.90 3.49
11 DBMB 390 0.18 1.22 0.25 50.20 0.52
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Table2.8-2: CHN elemental analysis results for the crdsskersi.e. HMMM
(hexamethoxymethyl melamine, HBMM (hexabutoxymethyl melamine, MMTC (methylol

melaminetype) and DBMB (dibutoxymethyl benzoguanamine)

Crosslinker % C % H % N % O
HMMM-1 45.60 7.60 23.15 23.65
HMMM-2 46.60 7.55 22.80 23.05
HMMM-3 45.55 7.55 23.00 23.90
HBMM-1 57.65 9.60 15.55 17.20
HBMM-2 60.25 9.95 15.00 14.80
HBMM3 57.85 9.60 14.80 17.75

MMTGL1 (TMTBM) 57.55 10.45 14.60 17.40
MMTG2 55.50 9.75 14.75 20.00
MMTG3 54.35 9.40 15.80 20.45
MMTG4 46.35 8.30 22.40 22.95

DBMB 61.85 9.00 14.35 14.80

PAAY 3 | KSYS5 NJI(éensionaRT10) kthélBlemental composition of pure
HMMM and pure HBMM compounds was established. Pure HMMM would have an
elemental composition o€= 46.14% H=7.74% N=21.52% O= 2£598cHBMM
would have an elemental composition = 61.65% H= 10.35%= 13.07% O=
14.93%

Comparing the results obtained rfothe HMMM type crosdinkers (1, 2 and Bwith the

elemental data of the equivalent pure compound, a variation was observed of up to
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~+1%C, ~+0.1%H, ~+1.5%N and ~+0.9%0. Similarly, the @staihed for the HBMM
samplescompared with those of the pure equivalent compound with approximate
variations of ~+3%C, ~+0.7%H, ~+2%N and ~+2.5%0. These variations in the case of both
the HMMM crosdinkers and the HBMM crodmkers are to be expected becausf the
presence of small amounts of residual starting materials and the presence of possible
oligomers ordimmers, (Fischer et al., 1996which can be formed during theample
manufacturing process. With this interpretation, the HMMM and the HBMM clioger

samples can be considered to be according to their description, as supplied.
2.8.4. Rheological behaviour of the amino crodiskers

For the various croskinkers, e wouldanticipate that information concerning the shear
stress, the effect of temperature changes, the applied pressure and so on, would be
relevant to optimising the processing of each crbsker in a coating formulation. This is

of significancdf one wished to achieve a desired optimal performance property when

oneof these additives wat® be used

Figure2.8-20 shows the results obtainefiom the rheological studies carried out on the
hexamethoxymethyl melamine (HMMM) creliskers The flowpattern that the cross

linkers exhibit as a function of temperaturesisown inFigure2.8-21.
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Figure2.8-20: Viscosityshear rateprofile of the different grades of thehexamethoxymethyl

melamine (HMMM)crosslinkers
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Viscosity/ Pa s

Temperature/ °C
Figure2.8-21: Viscositytemperature profile of the different grades of thehexamethoxymethyl

melamine (HMMM) crosdinkers

Figure 2.820 shows that the hexamethoxymethyl melamine crebskers exhibit
different values of viscosity at each value of shear rate that was studied. These
differences arise because of differences in extents of reaction and levels of
oligomerisation during the synthesis of tleeosslinkers, Sectior2.4. The HMMM cross

linkers exhibited Newtonian flow behaviour over the shear rate region that was studied.
As the shear rate was increasédm 0.1 Pa s to 1@Pa s, the viscosity values do not
change considerablyRegarding viscosiemperature relationships,Figure 2.8-21
indicates that the viscositof the crosdinkers decreases as the temperature increases.
This arises as a result of oligomer section chains gliding pass one another more easily as

the thermal energy of thecrosslinkers are increased, through an increase in

temperature
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Figure2.8-22: Viscosity/shear rate profile of the different grades of the heliatoxymethyl

melamine (HBMM) crosslinkers
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Figure2.8-23: Viscosity/temperature profileof the different grades of the hexautoxymethyl

melamine (HBMM) crosslinkers

According toFigure 2.8-22, the hexautoxymethyl melamine croskinkers exhibited
Newtonian flow behaviour over the shear rate region that was studied. As the shear rate
was increased from 0.1 Pa s to 1000 Pa s, the viscosity values do not change considerably.
Figure 2.823 indicates that the viscosity of the crekskers decreases as the
temperature increasesAs mentioned with the HMMMghis decrease in viscositgrises

as a result of oligomer section ains glidingpass one another more easily as the thermal

energy of the crostinkers are increased, through an increase in temperature
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Figure2.8-24: Viscosity/shear rate profile of thenethylol melaminetype (MMTC) cros$inkers
and the dibutoxymethyl benzoguanamin®BMB) crossinker
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Figure2.8-25: Viscositytemperature plot of the methylol melaminetype (MMTC) crostinkers
and the dibutoxymethylbenzoguanamine (DBMB) crodisker

Figure2.8-24 showsthat the methylol melaminetype (MMTC)of crosslinkers and the
dibutoxymethyl benzoguanamine (DBMB) crbeker exhibited Newtonian flow
behaviourover the shear rate region that wastudied.As the shear rate wascreased
the viscosity values do not change consideralgyto 1000 s*. As shown byFigure2.8-25,
the viscosity of the crodlinkers decreases as the temperature increagggain, this can
also be attributed tooligomer section chasglidingpass one anothemore easilyas the

thermalenergy of theformulationis increased, through an increaset@mperature.

A point that arises from temperature dependent studies relates to the influence of
temperature on the flow/migration behaviour of the composite coating, as encountered
after the application of the coating onto the metal substrate. This coatinghes

subjected to heating to 295 °C over 10 minutes, enabling flow dependent physical

phenomena to exhibit their effect.
2.8.5. Flow kinetic behaviour of the amino crodmkers

The results from the kinetic behaviour of the different amino c#lrsisers are thoght to
provide informationthat could be usedio achievethe desired optimal performance

propertieswhen one of theserosslinkersis used

Arrheniustype plotsandthe CassorAsbeck plotsfor the hexamethoxymethyl melamine

(HMMM) crosdinkersare presented akigure2.8-26 and Figure2.8-27, respectivelyThe
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values dtained for yield point, the infinite shear viscosity and the activation energy of

flow for the crosdinkers are shown ifable2.8-1.

The values of flow activatioanergy for the different HMMM croslinkers are within a
range of65 ¢ 71 kJ/mol. The values of infinite shear viscosity foe three crosdinkers
fall within a range of 2.95¢ 4.45 Pa s. The differences are attributed to their
corresponding viscosityaluesand theextent of interaction in theoligomeric chains that

are in each composition.
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Figure2.8-26: Arrheniusplot of the hexamethoxymethyl melamine (HMMMgrosslinkers
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Figure2.8-27: CassorAsbeckplot of the hexamethoxymethyl melamine (HMMMgrosslinkers
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The Arrheniustype plots and the CassorAsbeck plotsof the hexdutoxymethyl
melamine (HBMM) crosslinkers are presented agigure 2.8-28 and Figure 2.8-29,
respectively.The values obtained for yielgoint, the infinite shear viscosity and the

activation energy of flofor the crosdinkers are shown iifable2.8-1.

The values of infinite shear viscosity for téferent HBMM crosslinkersare within a
range of2.4 ¢ 4.0 Pa s.The values of flow activation energy faBMM-2 (7.30kJ/mol)
was significantly lowethan that obtained for HBMML and HBMM3, with values51.0
and61 kl/mol, respectivelyThe elementatiata of the HBMM2 crosslinker (Table2.8-2)
varied in the %C value in comparison to theEBMM1 and HBMM3. Sgnificant
differences in the %Ccould imply the presere of greateramountsoligomer orgreater
extent of etherification in the croskinker. This variation could result in the difference in
the flow activation energy andould result in a nodinear pattern seen inthe cross

f Ay {1 SNDa ! BeddbBsShe MMBaM?2Igites asignificantly lower flow activation

energy, its flow behaviour would be tmeostsensitive to temperature.
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Figure2.8-28: Arrheniusplot of the hexa@utoxymethyl melamine (HBIM) crosslinkers
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Figure2.8-29: CassorAsbeckplot of the hexabutoxymethyl melamine (BMM) crosslinkers

The Arrheniustype plots and the CassorAsbeck plotsof the methylol melaminetype
(MMTQ crosslinkersand the dibutoxymethyl benzoguanamine (DBMB)sslinker are
presented ag-igure2.8-30 and Figure2.8-31, respectivelyThe values obtained for yield
point, the infinite shear viscosity and the activation energy of flow for the elinkers

are shown inrable2.8-1.
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Figure2.8-30: Arrhenius typeplots of the methylol melanine-type (MMTC) crosdinkersand

the dibutoxymethyl benzoguanamine (DBMBJosslinker
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Figure2.8-31: CassorAsbeckplots of the methylol melaminetype (MMTC) crosdinkers and

the dibutoxymethyl benzoguanamine (DBMBJosslinker

Table2.8-1 shows that, among the crodmkers fom the CassormAsbeck plots and the
Arrhenius type plots of the methylol melamutgpe (MMTC) crosBnkers and the
dibutoxymethyl benzoguanamine (DBMBysslinker, differences irthe yield point, the
infinite shear viscosity and the activation energy of flave seen.MMTG1 has the
highest value oflbw activation energy of 93.30Jkmol, indicating that this particular
crosslinker will beleast sensitve to temperature, during formulation, application and
curing.These differences can be interpreted with respect to variationthé crosdinker
chemistries Also,the data could prove to be usefwlhen trying to achieve desired
performance properies when one of these additives wassed The bwer the value of
the flow activation energy, thenore sensitive the flow of the crodsmker would beto

temperature changegSolomon and Zhai, 20D4

2.8.6. Thermaly induced reactions and decomposition patterns of the amino cress

linkers

The decomposition arising from the breakdown of the amino cting®rsis represented
by Figure2.8-32. Differences in théhermal stability can be seen withose crosdinkers
that are based on methylol melamine derivatives and those the¢ hased on
hexamethoxymethyl melamineHMMM) and hexabutoxymethyl melamineHBMM).

Patterns emerge having relevance to the overall thermal stability of the diokers.
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Differences between members of each chemistry class are related to differendes in

solids contentthe degree of etherificatiorandthe degree of methylolation

The order of the initial overall thermal stability is HBMMs> HMMMs> MMTCs> DBMB,
indicating differences in the chemical events that occur during the thermal
decomposition procsses. Although some changes to these patterns are seen on heating,

particularly for DBMB, the overall trends are maintained.

When each crosbnker is used in an epoxy coating formulation, twmnpositecoatings
are cured at 200C for 10 minutes (Sectid®5). The data irFigure2.8-32 showthat at
the curing emperature of 200C, each crosknker category has a distinct solidsntent
contribution that it can make to the coatings. The HMMMs and the HBMMswaike
similar solids contributionThis will be greater than the contribution that can be made by
the MMTCs and the DBMB crdgskers. This particular poittecomeselevantwhenthe

crosslinkers are used in the coatingg loadings that are greater than those applied

0 S & 2additivelamounts.

Weight/ %

0 T T T T T T T T v
100 200 300 400 500
Temperature/ °C

Figure2.8-32: TGA decomposition profilévariation in weight/% with temperature)of the
crosslinkers, hexamethoxymethyl melamine (HMMM); hexabutoxymethyl melamine (HBMM);

methylol melamine-type crosslinkers (MMTCand dibutoxymethyl benzoguanamine (DBMB)
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These results are relevant tanderstandingthe relationship between the thermal
stability of the crosdinkers and the hydrolytic stability of the crekskers.Initial weight
loss events, in each casegn be correlated to the loss of solvésit Later losses can be
relatedto chemical reactionand to the occurrence of decompositiamd the removal of
by-products, as the heating continues up t600 °C. Details of the physicathemical
changes that occur during the heating process are giverrigure 2.8-33, for the
trimethylol tributoxymethyl melamine TMTBM) crosslinker, with the associated

functional groupassignmerd, (Moore and Donnelly, 1963

- C3H6H6

O T T v T T T y T T
100 200 300 400 500
Temperature/ °C

Figure2.8-33: Thermal decomposition pattern ofhe trimethylol tributoxymethyl melamine
crosslinker (TMTBM)showingthe correlation between the thermal processes and the

chemical processes that occur during decomposition

Figure2.8-33 shows thatwhen the trimethylol tributoxymethyl melaminecrosslinker,
(TMTBM is heatedfrom room temperature, water and other residual solvents are lost,
corresponding to a weight loss of up to 208& the heating progsses, the methylol
functional groups in the crodsker react together leading to thérmation of ether
linkages This continues up to around 14%C where the crosslinker starts to lose
formaldehyde as the etherified deritraes become unstable. Thismtinues up to about

270°Candis immediately followed by a breakdown of the methylene bridges, up to 400
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°C. Melamine is formeffom about 400°C,following theloss of methylene functionality

(Moore and Donnelly, 1.
2.8.7. Behaviour of the different Ti@pigment grades

The different grades of the Ti(pigment are shown iTable2.2-2. PW1 denotesone
variation of the TiG;pigment, PW2 denotesa second variatiorf the TiG;pigment and

PW3 denoteshird variationof the TiQ pigment.

yze.ooo QM —
b 0670 19 Oct 201

Figure2.8-34: SEM micrographs from the three pigments gradd$e PW denotes pigment

white, referring to the grade of the Ti@pigment particles

The SEM images obtainéal the three TiQ pigmenttypesused in the overall study are
shown inFigure2.8-34. Although the shapes of the individual primary particles for each
pigment grade appeato be roughlyspherical, PW1 and PW3 show aggregated clusters
of particles.The three variationsof the pigment were sourced frorivalspar, (Valspar
France, 2010)Sight variations in terms of particle sizing and/or level of particle

aggregation are to be expected. In Sectiéris4and5.15 the behaviour of the different
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pigment grades is represented in terms of their individual performance/behaviour

towards melamine elease and generation from pigmented epeayhydride coatings
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Figure2.8-35: Variation in weight with time of heatingpastesof the TiQ pigmentgrades

The water retention behaviour, whiatan beusedasa guide tothe hydrophilicity of the
three pigment grades, was compareligure2.8-35. In the figure the weight loss is
shown as a function ofhe heating timeg at 200 °C. Because the pigmemypes have
shown moisture retention, even after drying their pastes at room tempatfor 24
hours, they can be described as havan¢gjmited degree ohydrophilic behaviour.Such
hydrophilicity can be of relevance to the interaction of the pigment particles when in
compositions in either the liquid state or the solid statbrough diferent types of
intermolecular interactionthat can arise, depending on the other components of a

formulation.

Table2.8-3: Titanium andaluminium contentof the TiG pigments

TiQ pigment %Ti %Al
PW1 50.10 1.58
PW2 47.46 1.40
PW3 52.13 2.18
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In Table2.8-3, the Ti (%) and the Al (%&lemental content of each of the three TO
pigment grades is presentedhe results can be considered to be quantitative. However,
because of sensitivity issuebey should be treated in a semguantitative manner. It is
clear from the results that the different grades of the pigment contain different am®unt
of aluminium. The differences arise as a consequence of the surface treatment of the
pigment particles. Té significance of these differences is further discussed in Section

5.15
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Figure2.8-36: Size disribution plots for the three pigments

The particle size distribution and the zeta potential distribution of the three pigment
grades (PW1, PW2 and PW3) are showRhigure2.8-36 and Figure2.8-37, respectively.

The average particle sizes obtained for PW1, PW2 and PW3 were 318 nm, 310 nm, and
355 nm, respectively. These results are in agreement wittose derived from
assessment athe SEM images of the pigments, in terms of the presence of aggregated
clusters of particles. The traces show that PW3 hasghtly narrower size distribution
followed by PW1= PW2.The significance of these differences is further discussed in

Section5.15
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Zeta Potential Distribution
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Figure2.8-37: Zeta potential distribution for the three pigment grades

The zeta potential values obtainedrthe pigment samples weré4 mV,-49 mV and46

mV for PW1, PW2 and PW3 samplespectively. According to the literaturéSheen et
al., 2009, surface treatedliQ particles can have zeta potential values in the range of
54 mV to-72.7 mV, depending on the depth/type of the treatment. The differences
(significance etc)in zeta values that were obtained in this study are taken into
consideration in Sectios.15, where the behavioupatterns of the different pigment

grades in the coating formulations acensidered
2.8.8. Cuing oven performance

2.8.8.1. Heatingbehaviourand cooling behaviour of theNerner Mathiscuringoven

The results obtained from the temperature ramp calibration of the Werner Mathis oven
are shown inFigure2.8-38 and Figure2.8-39, asplots of the temperature achieved as a
function of the time allowed for heating, with respect to the locationsto# samples in

the oven unit.
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Figure2.8-38: Behaviour of the two side compartments of the WM ovarsing Fan 1 setting
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Figure2.8-39: Heating up behaviouof the oven, showing the performance of the two fan

settings of the WM oven

Both Figure2.8-38 and Figure2.8-39 indicate that, from room temperature (after turning
the oven on), 15 minutes were required for the oven to reach ZD0OThe temperature of
the oven then became stable at the#émperature. Very similar heatinbehaviour was
exhibited byFan 1 andFan2 settings of the oven and similailyi KS 2 Sy Qa

side B regionsThe average thermostat correction valu@JS Department of Interior,
1989 was3 °C+1, at 206C.
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Figure2.8-40: Cooling behaviour of th&/M oven system

A study d the cooling behaviour of the oven, shown kigure2.8-40, indicates that on
turning the heating in the oven off, while leaving the rotating(8on, the temperaure
in the oven compartments feat an average rate of 3C/ minute, in the temperature
range from 200C to 150°C.
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The results obtained from the isothermal calibration of the Werner Mathis oven are

shown inFigure2.8-41.
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Figure2.8-41: Variation in the mperatureas the function of the times of heatinga

temperature profile of a panelinside the WM oven
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According toFigure2.8-41, the average thermostat correction value was@1, at 200

°C. The correction value is within indushy acceptable limits. In thecan coating
industry, the peak metal temperaturé@PMT)is considered to be a window range, for
example 200¢ 205 °C, because of temperature variations that can arise, in the oven,
during curing processes. Provided that the temperature of the oven does ndiefalv

or exceed the PMT, sufficient curing of tbeatingscan beexpected,(Polaski et al.,
2004.

2.9. Conclusions

For the analysis of amino crelsker compounds, polymeric binders and T@gment
grades, acurate, effective analytical pcedureswere developed and authenticated he
procedures were repeatable and reliable with respect to the successful characterisation

of the raw material samples.

The thermalyheological, spectroscopic and chromatographic behaviodh®fimelamino
crosslinkers have been investigated@heresults from the characterisation of the cress
linkers have provided useful information about their viscosities, flow characteristics,
molecular weight, functional groups as well as their residual melamine caniémse
crosslinkers exhibiteddifferent values of flow kinetisparameters. The differencesere
interpreted with respect to variationsni the crosdinker chemistries, extents of
etherification or methylolation. The data could prove to be usefhkntrying toachieve
a desired optimal performance properifyone of these crosinkers was intended to be
used beyond additive levels, in the coatingéhe higher the value of the activation
energyof flow, the more sensitive the flow of the crodmker would beto temperature
changesThe relevance of these datadiscussed in more detail in the appropriatater

sections.

The CHN elemental analyses and NMR results have shown that thdickess contain
residual melamindbased products. There is alsbet indication that the crosknkers
contain relatively small amoustof derivative compounds. This latter point confirms

supplier information and literature reports. The benzoguanamine elioger contains
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melamino components although it was supposedhe solely benzoguanamino. This

contamination arisebecause of the incompletgynthesis of the crodinker.

The three grades of the Ti@igment gve similar characterisation datmamely snilar
particle size values, comparable zeta potential values sindlar particle shapesThe
three pigment gradesxhibit moisture retention, even after drying their pastes at room
temperature for 24 hoursThus, the pigments exhibitea limited degree ohydraphilic
behaviour aconfirmation that each Ti@core was surface treatedhe behaviour of the
three different TiQ pigment grades in relation to their contribution in melamine

generation is discussed in Secticn5s

The overall resultsshow the Werner Mathis oven to be consistent andto give a
reproducible temperature profile. The oven waseliable, possessing gooldeating
control and the required control ofcooling The results also indate that the oven can
provide controlled curing ofthe coatedpanels, achieving a required performance peak

metal temperature.
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Chapter3: Formulation procedures, coating application and curing

procedures

3.1. Introduction

In the industry,coatingsare usuallyformulated using specific procedurespecific types

of raw materials,specific amants of each raw materiabnd appropriate conditions of
milling, mixing and stirringAfter formulation,the coatingsare usually tested in order to
ensure that theypossessthe characteristics needed for them to be applied to the
appropriate substratesThe application procedures require specified amounts of coatings
to be deposited on the substrates.The application needs to be carried out using a
process that gives good ool and good repeatabilityAfter application, the coatings
are converted fromthe liquid state into the dried/curedstates through the controlled

curing inanoven, for the required time periodsat specific temperatures.

This chapter concernsa detailed presentation of the procedures that were followed
during coating formulation, coating application and durthg curing of the coatingson
metal substratesjn the oven.As part of the migration studies, various conditions of
coating formulatio, several procedures of application and different conditions of curing

were used. In each case, recommendatifnasn the industry were followed

3.2. Materials

The tinplated $eets that were used as substrates in the studies were provided by
Valspar (Valspar UK, 2031 They were manufactured by Arcelor Mittal with
specifications 02.8/2.8 TH415 0.21mm (Arcelormittal.con). The raw materials that
were used in the development of all of the coating formulations that were used in the

experiments were provided by Valsp@valspar France, 20).0
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The different grades of the Ti@igment are shown imable2.2-2. The three grades of
the pigment differ from one another on the basis of average particle size and on the

basis of the multilayer inorgantceatment over the TiQcore.

Table2.2-2 provides a list of the three different grades of Ti@gment particles that
were used in the experiments, including the sliep the quantity supplied and the
average patrticle size distributions of the pigments. Characterisation data on the pigment
grades are given in Sectiéh8.7. The PW2 grade of the LiPpigment was chosen and
used in further experiments, except where studies of the behaviour the three grades of
the pigment were carried out. The choice was basedtloa results obtained and
discussed in Sectidnl15

Table 2.2-3 provides a list of the crosdinking compounds that were used in the
experiments, includingelevantchemical descriptions of therosslinker molecules and

of their suppliersThe crosdinkers were used in the same manner in the coatings. Based
on the results discussed irBection5.4and Sectior6.3, specificcrosslinkers were chosen

to represent their respective chemical class&bus, in Chapters 5 and 6, in the results,
any mention of hexamethoxymethyl melaminégiNIMM) refers to HMMM2, any
mention of hexabutoxymethyl melaminéiBMM) refers toHBMM-3 andany mentionof

trimethylol tributoxymethyl melamineTMTBM) refers toMMTG2.

Table3.2-1 provides a list of all of the polymeric binders that were characterised and
usad in the formulation of various epoxXyased coatings. In the table, information
concerning the composition of each binder system is provided and the reasons(lgyven

Valspar, Francdr their incorporation into the respective coating formulation

Table3.2-2 provides a list of all the polymeric binders that were characterised and used
in the formulation of various poly(estebased coatings. In the Ide, information is
provided on the composition of each binder system and the reasons for their

incorporation into the respective coating formulation
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Table3.2-1: Polymeric bindersusedin the epoxy-basedcoatings

Acronym

Polymer description

Epoxy binder EP)

Anhydridebinder (AN1)

Epoxy binder EP2

Phenolic binder PH)

Phenolic binder PH2

This is @inder compositionthat is produced fronBis-
phenol Atype compoundslt is ncorporated into epoxy
anhydride coating in order to provide crosslinking

with melamino compounds

This is a @rboxylic aciebased binler component It is
used in epoxyanhydride coating formulations to

enhance cros$inking during curing

Thisbinder compositionis produced fromBis-phenol A
type compoundslt isincorporated into epoxy phenolic
coatings in order to enhance molecular weic

development.

This is a penolic binderthat is produced fromthe
polymerisation of phenolic monomess. It is usedin

epoxy coating$or reactivity/flexibility purposes

This is a penolic binderthat is produced from tbutyl
phenol. It is used to promot¢ a3I2f RE &

cured epoxy phenolicoating when required.
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Table3.2-2: Polymeric binders usgin the poly(ester}based coatings

Acronym Polymer description

Poly(ester) binder  This is aihear poly(ester)polymer that is used to provids
(PEL) flexibility/hardness, porosity resistance and water sterilisat

resistanceo the coatings.

Urea binder 1) This is a reaformaldehyde bindethat has beeretherified with
butanol, dissolved in a butanol/xylene blend (3:1). It is usel

promote crosdinking in the coating

Phenolic binder This is a penolic bindercomposition that is produced from
(PH3) etherified phenolic compounds. It is used for reactiyptpvision

purposesn the coating.

Phenolic binder This is a penolic bindercompositionthat is produced from #

(PHY) butyl phenol. It is usedn poly(ester) coatigs for flexibility
purposes

Phenolic binder This is a imder systenthat is produced from phenol anadther

(PHb) phenolic derivatives. It is used to preventhe development of

staining in poly(ester) coatings that arises from exposure ti

sulphurbased compounds.

Poly(ester) binder  This binder operates on the basis of ainkear poly(ester)
(PE2) chemistry. It isused to impact flexibility/hardness, adhesion a

barrier film propertiedo the coatings.

This is an eylic additive binder It is produced fromspecific
Acrylicbinder (ACL) _ _ _

acrylic acidnonomersand used teenhance adhesion and othe

performance properties

Phenolic binder This is a msslinkable phenolic binderderived from phenal
(PHb) based monomers. It is used to improve the adhesion of

poly(ester) coatings to substrates.
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3.3. Formulation of coatings

3.3.1. Formulation of epoxyanhydride based polymer solution

Each epoxyanhydride based polymer solution was prepared according to the procedures
provided by Valspar(Valspar France2010). The components were as olls: epoxy
resin precursor, ERJan anhydridebased polymer, AN1, propylene glycol monomethyl
ether acetate (solvent), -B-butoxyethyl acetate (solvent), ethylene glycol monomethyl

ether acetite (solvent) and cyclohexanone (solvent).

A glass container was prepared and marked. The epoxy resin precursor, EP1 (40.0 g) and
the anhydridebased polymer, AN1 (4.4 g) were mixed with propylene glycol
monomethyl ether acetate (3.1 g), using a Heidolplken Type RZRDOpticsplanet.coy

for 5 minutes. 30.0 g of-B-butoxyethyl acetate, 20.5 g of ethylene glycol monomethyl
ether acetate and 2.0 g of cyclohexanone were added into the container. The contents of
iKS O2y it AySNI 6SNB YAESRsfirea.NR dz3 Kt & dzy (At

3.3.2. Formulation of pigmented epoxyanhydride coatings

A glass container was prepared and marked. The epoxy polymer solpteparedas
describedin Section3.3.1 (14.5 g),the dispersing agent (0.25 g) arde PW2-TiQ
pigment (23.5 gTable2.2-2), were mixed inthe glass container using a Heidolph mjxer
Type RZRI(Jeolusa.comy for 10 minutes, at a speed ofOR0 rpm. 0.5 g of 2
butoxyethanol vas added to the mix and stirring was continued for further 1 hour. The
mixing was stopped A Hegman gauge(Caltechindia.coinwas used to check the
dispersion quality (by ensuring that there were no particles abo9emicrons) The
Hegman gauge was used according to established procedi®€s 1524, DIN 5303 and
ASTM D12104.0 g of 2butoxyethyl acetate, 1.5 g of-lutoxyethanol, 51.0 g of the
epoxy polymer solution, 0.5 g of one option of the melamino clodg®rs (Table2.2-3),

0.2 g of propylene glycol monomethyl ether acetate, 0.2 g of flow additive, 1.5 g of
naphthat A 3 K34  NR Yl A Odautotygth@nol wereagdedao tBeFmixmre,
under agitation. The mixing was continued for 10 minutes. 100 ¢hefpigmented

epoxyanhydride coating werghus, prepared and ready to be studiedhd applied
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A series of pigmentefusingPW2-TiQ) epoxyanhydride coatings asthen formulated,
each using one option of thelevenmelamino crosdinker compounds, according to the

procedure described above.

Three pigmented epoxsnhydride coatings were also formulated according the standard
procedure described above. Each of thesmtings contained one option of the three

TiQ pigment grades that were describedTiable2.2-2.

3.3.3. Formulation of unpigmented epoxy anhydride coatings

All of the unpigmented epoxy anhydride coatings were formulated according to the
procedure described irSection3.3.1 by the mixing and agitation of the spéed

components No pigment was included in tiseformulations.

3.3.4. Formulation of epoxy phenolic coatings

A glass container was prepared and marked. 64.5 g of the epoxy polymer solution,
prepared as described iBection3.3.1, 17.0 g of phenolic binder PHIable3.2-1), 5.2 g

of phenolic binder PHZT@ble3.2-1), 0.25 of one option of the melamino crekskers
(Table2.2-3) 0.25 g of flow additiveand 4.0 g of propylene glycol monomethyl ether
acetate were added into the container. The contents of the container were mixed using a
Heidolph mixer, Type RZRpticsplanet.corj for 10 minutes, at a speed of 2000 rpm.
0.3 g of ethylene glycol monomethyl ether acetate, 1.0 g of phosphoric acid and 7.5 g of
propylene glycol monomethyl ether acetate were added into the mixture, under
agitation. The mixing was continued for 10 minutes. 100 g of the epbgyolic coating

werethus prepared andgnadeready to be studied.

3.3.5. Formulation of poly(esterurea coatings

A glass container was prepared and marké0.05 g of the poly(ester) polymer PE1
(Table3.2-2), 2.5 g each of one option of melamino crdisker (Table2.2-3) 19.7 g of
solvent mixture, 0.76 g ofirea polymeric binder U1T@ble3.2-2), 9.16 g of phenolic
polymer PH3Table3.2-2), 3.26 g of phenolic polymer PHAiaple3.2-2) and 3.56 g of

phenolic polymer PH5T@ble3.2-2) were added into the glass container, under agitation
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and mixing.The mixing was continued fol5Ininutes. 100 g opoly(ester}urea coating

were thus pepared andmadeready to be studied and applied.

A series of poly(estetrea coatings wsthen formulated, each using one option of the
melamino crosdinker compounds, according to the procedsrdescribed above A
separate coating was also prepared according pgrecedure described above, but
containing no melamino crodmking compound. This particular coating was labelled

PPO1.

3.3.6. Formulation of poly(esterjacrylic coatings

A glass container was prepared and mark&8.07 g of the poly(estepolymer PE2
(Table3.2-2), 5 g each of one option of melamino crdsdker (Table2.2-3) 1.25 g of the
phenolic polymer PH6T@ble3.2-2), 4.18 g of the acrylic polymer AClable3.2-2) and
36.5 g of the solvent blendiere added into the glass container, under agitation and
mixing using the Heidolph mixer Type RZRI(Opticsplanet.cojy The mixing was
continued for further 15minutesdzy (0 A ff di A @ ¥ 2 610@ g of BoNPEsER

acryliccoating were thus prepared and ready to be studied applied

A series of poly(estegcrylic coatings wathen formulated, each using one option of the

elevenmelamino crosdinker compounds, according tbe procedures described above

3.4. Coating applicatios methods

3.4.1. Application of coatings using-Kar coaters

Typically, the tircoated steelplate substrates used were A4 in s{Zecelormittal.con).
The formulations were thoroughly mixed prior to application. Two tinplatated steel
sheets were codedral then coated using the appropriate coating formulation, identified
as pigmented epoxgnhydride coating, unpigmented epcaynhydride coating, epoxy
phenolic coating, poly(estegrea coating and poly(ester) acrylic coating. The,TiO
pigmented epoxyanhydide coatings were applied on to the tinplated substrates at a
deposition weight/area value of 12 ¢musing a Koar coater (Number 3)

(Rkprint.co.uk The umpigmented epoxyanhydrides coatings and the epephenolic
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coatings were each applied on to tinplated substrates at weight/area value of § gm

using a Koar, (Number 3).

The poly(esterurea coatings were applied onto the tinplated substrates at a deposition
weight/area value of 8 gifiusing a Kbar coater, Number 4Rkprint.co.uk Using the
same procedure, the poly(esteacrylic coatings were applied onto the tinplated
substrates at a deposition weight/area value of 127gaosing a Koar coater, Numbes,
(Rkprint.co.uk The different amounts of coating deposited were designed take int

account the different solid contents of the different coatings.

3.4.2. Application of coatings usinthe controlled screen printing technique

An alternative procedure for applying coatings onto the metal substrate was assessed,
this being a screen printing teolgque. A semautomatic screen printer, Roku Print
(SDO05), was use@Rokuprint.om). The pressure and the speed controls that were built

in the instrument were used. The coating was forced on to the tinplated substrate
through the open areas of the stainless stencil mesh surface, using a squeegee. The
mesh dimension of the wovescreen was 32um in thread diameter and 56um in
aperture size. The delivered thickness of the applied stencil emulsion was approximately
20um. Through this method, the coating was successfully applied onto the substrate. The
film weight thickness of the céiag layer that was applied was evaluated according to

the procedure described i8ectior4.3.1

3.5. Curing of formulated liquid coatings

The coated metal tinplates were loaded on to the carrier drive of the Werner Mathis
oven, (Mathisag.com and driven into the oven at a speed of 2m/minute. After the
appropriate exposure time was reached, depending on the coating typeextmple, 10
minutes at 200°C, for the epoxy coatings or 12 minutes at @5 for the poly(ester)

coatings), the panels were removed, allowed to cool and made ready for evaluation.
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3.5.1. The onestep curing procedure

In the onestep curing procedure, coateganels were driven into the oven and then
remainedin the oven for the entire curing duration, (for example 12 minutes at 495
for the poly(ester) coatings). The panels were then removed from the oven and allowed

to cool to room temperature
3.5.2. The two-step curing procedure

3521 Twod dSLI OdzNAYy3I gAUK GNBadAaAy3aIeg 2F O2F UA
This procedure was used certain specified experiments when the coatings were cured

Ay (g2 RAFFSNBYyG aidsSLBAaz gA0GK || aNBadAy3é
panels were drivetinto the oven and heldh the oven for a particulaime duration, (for

example 8 minutes at 19%C). The panels were then removed from the overating
compartmentT 2 NJ (i K S, (fall & peiot& & iniiutes, as an example). After the
GNBadAy3aIé LISNA2RI (GKS LI ySta aSewddd iy RN
session, for a specified duration, (fekample4 minutes at 195°C). After the second

exposure time was completed, the panels were then removed from the oven anddcool

to room temperature.

Table3.5-1 providesdetails of the curing conditions that were used to cuine epoxy

basedcoatings and the poly(este)ased coatings
3522 Twoda iSL) OdzNA Yy 3 -anlRNER 2INPIO SRAAB

This procedre was also adoptedbr certain specified experiments where one coating
layer was applied and cured in the oven for the required ti(@® minutes, at 206C, for

the epoxy coatings and 12 minutes, at 195, for the poly(ester) coatings). The panels
were then removed from the oven heating compartment amwboled to room
temperature. A second coating layer was then applied on top of the first, cured layer.
The panels were then returned into the oven in order to cure the second layer that was
applied, for the required time (10 minutes, at 200C, for the epoxy coatings and 12
minutes, at 195°C, for the poly(ester) coatings). The panels were then finally removed,

coolked and prepared for evaluation.
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Table3.5-1: Conditions for curing coatings, targetingtw® 4 SLJ OdzNAYy 3 A GK aNBai

in between steps

Epoxybased coating systems, cured at 260

First curing/ min Resting period/ min Second curing/ min
10 0 0
8 2 2
4 2 6
4 5 6
4 10 6

Poly(ester)based coating systemsured at 195°C

First curing/ min Resting period/ min Second curing/ min
12 0 0
8 2 4
6 2 6
6 5 6
6 10 6

3.5.3. Curing time variation studies

For experimentsinvolving the curing of the epoxy coatings,which the effects of the
curing temperatureon any melamine releasgere monitored, the range of curing

temperatures of the curing ovemas 160, 180, 200, 220 and 24G, forl0 minutes.

The poly(ester) coatings were investigated for the effects ofdlneng temperature on
any melamine release. Thusearies of coatingwas curedin each case, di55, 175, 195

215and B5°C, for 2 minutes
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3.6. Discussion of results

3.6.1. Coating application procedures

The reproducibility of the coating application procedureéepends on the flow
characteristics of the coatings. Each time a certain coating film thickness was intended to
be applied onto the substratea range of Kbar coaterswas assessetb establish he

most appropriate coater that was needefdr the appropride circumstancesThis was

necessary because viscosity of the coatings could change significesittyme.

3.6.2. Observationof panek aftercuringof coatings

In the Werner Mathis ovenall of the curing proceduresere reproducible Observations

of severalpanelsdid not show any signs of undecure (hue paleness in the casé o
unpigmentedepoxy anhydridecoatings) or ovecure (yellowness in the case &fG-
pigmented epoxy anhydridecoatings). Similarly, surface reflectance studies that were
carried out on random coatingid not showsignificant variations betweethe different

zoness ONRPaa GKS O2FGAy3dQa adzaN¥Il OSo
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Figure3.6-1: Surfa@ reflectance properties ofour different locations on a pnel coated with a

PW?2 pigmented epoxy anhydride coating
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Figure3.6-2: Surface reflectance properties dbur different locations on a panel coatedith

an unpigmentedepoxy phenoliccoating

From the spectrophotometric measurements that were carried out on the patfalyure

3.6-1 and Figure3.6-2), it can be inferredthat uniform panel coating and curing occurred
since very similar spectral properties of the different locations on the panels, in each case
were observed. Therefore, in this regard, the Warner Mathis curing gremided a

consistent and a reproducible means of controlling the curing of dbating onthe
panels

Figure3.6-3: SEM microgralps, A: the surface of a cured, hexamethoxymethyl melamine
(HMMM) crosslinked, PW2pigmented epoxy anhydride coating and B: the cresaction of the

same pigmented epxy anhydride coating
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Figure3.6-4: SEM micrographgA: the surface of a curechexamethoxymethyl melamine
(HMMM) crosslinked, urpigmented epoxy anhydride coating and B: the cressction of the

sameunpigmented epoxy anhydride coating

In Figure3.6-3, the SEM micrographs show the surface and the esestion of aTiQ
pigmented hexamethoxymethylmelamine HMMM crosfinked, epoxy anhydride
coating Figure3.6-4 shows the SEM micrographs of the surface and the esesson of

an unpigmented, hexamethoxymethylatamine (HMMM) crostinked, epoxy anhydride
coating Both figures shows that the coatings have been applied and cured unifgrmly
suggesting that the procedures used weappropriate In both figures, therewas no

evidence ofvoids, surface irregularitiesurface porosity or angnajor surface defects

3.7. Conclusions

The results fronvarious, relevanformulation and application proedures are discussed
in detail in Sectiorb and Section6. From the work covered ithis section the following

pointsarerelevant.

1. The coatings were successfully applied to the tinplated substrates usbey K
coaters.The coating application and the testing procedures weffective and

reliable
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2. The coating application procedures were reproducible. It was observed that a
change in the viscosityf the coatingsover time could a#ct the mass of coating

that deposited per unit area of the substrate.

3. Observationsaand instrumentalmeasuremens d the cured coatingshave shown
that the coatirgs were successfully appliedrhere vas no evidence of voids,
micro-cracks,surface irregularities, surface porosity or any major surface defects

in the coatings that were studied
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Chapter4: Analyses of liquid coatings, of cured coatings amtated

migration studies

4.1. Introduction

The performance characteristics of coatings are highly dependent on their physical and
chemical properties and on how these properties vary wlith curetemperature. Many
physical and chemical predures can be used to defir®atingsand to help monitor

their performance For example, if @uredcoating is too hard and not flexible enough, it
might develop micrecracks on drying/curing/storage/use dre subject to significant
failure when the metal substrate is benflso if a liquid coating does not possess the
correct rheological properties, there will be difficulties in applying it to the substiate
flow out, in the development of adherence and coherence amdachieving desired

appearance attributes.

In the analyes and characterisatiorof liquid coatings, rheological methods of analysis
can helpgive anunderstandng ofthe flow characteristics of the coatingalsothrough
these methods,the viscoelasticand responseproperties of the coatings can be
evaluatd. From the proceduresthe viscosiy, yield point, moduli features ankiinetic
parameters [related to chemical change (curing) and physical change (dfyag) be
obtained. Other desirable tests thatan be applied to liquid coatings inclutiee solids

content estimation angpectrgohotometric analyss

In the characterisationof cured coatings, mechanical testingpectrghotometric
analyss andthermal analyticakests are important.Typical nechanical tests such as
indentation tests, hardness tests and flexibility tests can progidaificantinformation

that can beusedin providingunderstandingof the performance of the coatingsinder
controlled conditions or otherwise (in servic&urface reflectance studies are examples

of techniques that can be used to monitor variations in terms of the appearance coatings

after curing. Thermal analyticaltests such as TGA and DS&h be used toyield
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information relating to thedecomposition charactéstics of coatings and can also be

used to mimiachanges occurring durirguring processes.

In addition to providinga detailed account of the methods and procedures that were
followed to test/analysethe liquid coatings andhe cured coatings, this sectioalso
coversthe migration teststhat were carried out to monitorany release of melamine,
benzoguanamine and formaldehyae related low molar mass analogugsm coatings
into food simulants Such migration is similar to that which might ocaara consquence
of retorting foods in contact withthe coatings. The retort procedures were carefully
operated, using standard proceduresin order to mimic the pasteurisation, the

sterilisation andor the pressurecooking thatcannedfood items undergo

The migréion procedures and thedata manipulationswere targeed to answer

guestions such as:

1. How much melamine, benzoguanamine or formaldehydesreleased into food

simulants per unit area of the coating used

2. During the release process, how much of the crlisker that wasused in the

coatingwashydrolysed into the starting compounds

3. What wasthe amountof each migrant specgn theretorted food simulant, after

the retorting proceduré@

4. Does the amount of mlmine benzoguanamine or formaldehyde that was
released into the food simulantexceedor stay withinthe limits allowed by
regulatiors related to the performancef coatings that are intended to come into

contact with food?

4.2. Procedures in the malyses otthe liquid coatings

4.2.1. Rheological characterisation

Rheologicaévaluations were carriedn out on selected coatingdza Ay 3 | ¢Ilsb Ly ai

ARES52 unit,(Tainstruments.com The evaluations were run under a continualeear
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ramp mode at 30 °C. Asteel parallelplate with a #Hmm diameter together with a

truncation gap ob0um, wasused

For the analysis of each coating, sufficient of the appropriate sample was poured on
the rheometerbasedplate to cover the parallel plate. Excess sample was then removed
after the plate had made contact with the sample. While the shear rate magased

from 1 Pa s to 1000 Pa s, 50 viscosity value points were collected, during a total run time

of 5 minutes.

4.2.2. Solid content estimations
In each case, @ of the wet coating was applied onto a metal dish and cured in an oven

at 200 °C, for30 minutes. Equation1.8-1, Section2.5.2 represents the relationship

associated with determining the % of the total solids in the formulation

4.2.3. Flow time estimations

For each of the liquid coating formulations, filtration was eadrput usinglO0-micron
filters, (Coleparmer.co.uk Flow measurements were ¢n carried outaccording to
established standard procedurd$SO cup 6 was used for epoxy coatiagsording tadSO
2431, at 25°C. DIN cup 4 was used for poly(ester) coatings according to B4R 20

°C.The specifications for the flow criterihat were usedare shown inTable4.2-1.

Table4.2-1: Criteria for measuring the flow time of liquid coating formulations

Coating type Flow cup Flow time range
Unpigmented epoxy anhydride ISO 6 47 ¢ 53seconds
Pigmented epoxy anhydride ISO 6 65¢ 75seconds
Epoxy phenolic ISO 6 47 ¢ 53seconds
Poly(ester) urea DIN 4 85¢ 105 seconds
Poly(ester) acrylic DIN 4 28 ¢ 35 seconds
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For each measurement, a known volume of coating was introduced into the appropriate
flow cup. The coating was allowed to flow under the influence of gravity, through an
orifice that was located at the bottom of the cup, until the coating kiaained. The flow

time was then recorded in seconds. A second, repeat measurement was then carried out.
The coating was thinned with solvent or concentrated up, if the flow time fell outside the

criterion inTable4.2-1.
4.2.4. Thermogravimetric analyses

4.2.4.1. Isothermal analysis

A TA Universal Instrument V4.1[rainstruments.comwas used for this aspect of the
study, to investigate any specific mass loss processes that might represent the cure
conditions of the coatings concerned. The experiments were carried out under a nitrogen
atmosphere, with a Ngas flow rate of 20 mL per inute. For each epoxy coating,
approximately 10 mgwas heated isothermally at 206C, for 10 minutes. Through an
analogous procedure,0 mg of each poly(estecpating were heated isothermally at 195

°C, holding for 12 minutes

4.2.4.2. Temperature ramp analysis

Thermal decomposition profile studies weoarried out onselected coating formulations

to establish the thermal behaviour/propertiesf each, (relevant to the amount of
melamine that eacltontairs). This study was undertaken to establish whether or not the
thermal stability of the coatings changed #e crosdinker contents wasvaried. The
thermograms were recorded using a TA Universal Instrument V4.1D
(Tainstruments.cor)) over a temperature range of @ 500 °C, using a temperature
increase rate of 10C/min and a B gas flow rate of 20 mL/min.Known quantities

(approximately 10 ng) of the samples wenased for each evaluation.

4.2.5. Ageing studies, under laboratory conditions

Selected representative coating samples were studied to establish the effects (if any) of
wet ageing on the amount of melamine that might be generated/releasedhftbe

panels that had been coated with formulations that had been agedhawn periods.
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The ageing studies were carried out by sealing the wet coatmggpropriate vessels
allowing them to stand under laboratory conditions, for specified periotféer the
specified period, te wet coatings were applied on to tinplated substrates and cured
under the conditions described in Secti8.5.1 Standard retort tests were then carried
out at 131°C for 1 hour. In each case, the results obtained from the melamine
release/generation experiments were compared with those obtained framilar

experiments that were applied to coatings that had not been aged

4.3. Procedureausedin the analyses of the cured coatings

4.3.1. Film weight thickness evaluations

The masger unit areaof the solidd OdzNBRé¢ O2 | G Ay 3a gircdly, RSG SN

accordingo the proceduresand equations that weréelescribed in Sectioh.8.2.1

In the assessment, angelevanta 2t dzot S O2YLRySyidta 2F GKS
removed froma 10 cm x 5 cm pandby rubbing or bydissolution in acetone. After the

detachment (removal) of theoating, the panel was &n reweighed.
4.3.2. Surface wetting studies

The surface tension of doubdistilled deionised water, of 3%v/v) aqueous acetic acid

and of 10%v/v) aqueous ethanol was evaluated using a manual torsion balance that was
equipped with a Du Nouy ringThomassci.coin This analysis was carried out on the
basis of ASTM D 179 and ASTM D 1331 established methods. Measurements were
carried out by gently dipping the ring into the liquids, separately, to esfaldontact.

While the ring was slowly pulled, aglongatedfilm was formed in the ring. Surface
tension readings were taken at the point of the ring bregkfrom the liquid surface.

Each surface tension measurement was repeated three times and an avaahgewas

adopted, as long as the values were withmacceptabldevel of consistency

The three solutions whose surface tension values were investigated were then used in
the measurement of thecontact angleof the test samples. This provided a basis for the

study ofinteractions at the liquieto-cured coating solid interface. Small drops (sessile
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drops) of the solutions were applied to the cured coating panels and the contact angle
that the fluid made on thganel surface was recordagsing alLivereel -Meter, (Jiang,
2008. Each measurement was repeated three times and an average value was adopted

in each case, on the basis that the range was within acceptable.limit
4.3.3. Surface reflectance studies

Reflectance spectrophotometric measurements were carried out on the surface of the
dry coating panels, in duplicates, using aRi¥} 504 (interface 86) spectrophotometer
(Xrite.con). Thespecular includedSPINImode of analysis was used, excluding Lch data

parameters from the measurement.

Prior to measurementghe instrument was calilated by measuring the reflectance (%)

@t dzS a 2 ¥ | a0l yRFNR GoKAGS ¢LIAESthese I YR
measurements, the instrument wasade ready for panel analysis. These calibration
stepsensured thathe instrument provided spectral reflectance measurements to a 0.1%

standard deviation.

4.3.4. Hardness testing

The & LINJ Ohardin@ds {résistance to penetration) of the cured coating surfaces was
YSI &dzZNBR dzaAy3a | { KSSyYy LyaidNdzWley i262a LISY
(Sheeninstruments.cojn Measurements werearried out in triplicate, according to the

established standard methods of DIN 53 157 and ISO 1522.

Typically, a coated panel of 100 tarea was used. The panel was mounted on the base

that was attached to the cross bar. The counter was set to zerothedocker was

released. The hardness of the surface or the degree of dampening was measured in
terms of the number of times the light beam was broken by a projecting plate that was
allowed to swing to and fro through an angle &f @/ith each complete rdg a value of 1

gl a& NBO2NRSR® 5dzNAYy3 GKA& LINRPOSRANBIX GKS 3
measurement system from interference, from air currents. Each time, the final reading

was taken when the counter finally stopped. The hardness vafueaoch sample was
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measured in triplicate and an average value determined on thesbhst the repeat

values all f@ within acceptableconsistencyimits.

4.4. Migrant extraction and migratiorstudies

4.4.1. Surface rubbingbased extractions

Thebloomingof componens, from the bulk of the coating to the surface can take place
during curing/storage, under certain conditions. In order to establish whether or not
bloomingmight have occurred in any of the coated panels, surface rubbing of the cured
coated panels was caed out to determine whether or notany substance of interest
could be extracted from the surface into a solvent. In a typical proceduceated and
cured surface was wiped with a piecetest material wetted with solvent The method

used was in accdance with DIN 135231 and ASTM D740b established methods.

The materials that were considered for this rubbing aspect of the studies were 100%
cotton fabric (0.3 g, 4 cfjy 100% poly(ester) fabr{©.2 g, 4 cm) and cotton wool (0.2 g).

One sample of each cloth, soaked in 10%%) aqueous ethanol, was used to rub across
the cured coating surface, (25 énm area). 50 and 100 rubbing cycles were separately
carried out. Each cloth was then placed into its indigildgliass vial containing 10 mL of
10% (v/v) aqueous ethanol. The vial was then retorted according to the procedure
detailed in Sectiod.4.3

4.4.2. Room temperature solvat extractions

For the room temperature migrant extraction studjes 0.25 drfi (5cm x 5cm area) of
each representative coated, cured tinplated steel sample and 10 mL solvent were used.
The solvents were chosen to cover a broad range of solubility paramwetaes. The
solvents/solutions used were acetonitrile, distilled water, toluene, dichloromethane,
diethyl ether, xylene, a 3%v/v) agueous acetic acid solution and a 10%v) aqueous
ethanol ®lution. The basis of thextractiontests was to identify ath to quantify any
melamino compound that might have been releadedom the coatings to the various

solvents
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4.4.3. Retorting of cured coatings

This analytical procedure was a modified version of that reported in the literature
(Bradley et al., 2011 Here, i a typicalprocedure, 0.25 dh(5cm x 5¢cm area) of coated,
cured tinplate vas immersed in 10 mL of 3%/v) aqueous acetic acid, (as a food
simulant), in a glass vialhe container was then sealeging a crimper(Labhut.con)

and introduced into aPregige, 6L High Dom@ressure cookey (Prestige.co.uk The
pressure cookewas heated to 13PC and maintained at this temperature for 1 hour.
After this time, the pressure vessel was cooled to room temperature. Then, an aliquot of

the simulant was taken for analg®f melamine, benzoguanamine and formaldehyde.

The procedure was repeated using an aqueous solution containing (¥68cof aqueous

ethanol instead of the 3%v/v) aqueousacetic acid

4.4.3.1. Retorttime variation studies

Here, selected coating panels were sedi in a kinetic manner, to establish the effects

of the retorting time, at the standard 13iC, on melamine release, on benzoguanamine
release and on formaldehydeslease. According to the procedure described in Section
4.4.3 series of epoxy coating panels, aadseries of poly(ester) coating panelgere

retorted for 30, 60, 120, and 180 minutes, at &l
4.4.4. Melamineanalyses

4.4.4.1. Analysis of melamine standard solutions

UV absorption spectraf the melamine standard solutions were recorded usangarian
50-Probg (Chem.agilient.comn The measurements were carried out at 26. The

concentrations ofhe standard solutions were 1.25, 2% 10, 2040and & pg/mL

4.4.4.2. Evaluation of the amount of melamine migrants in retorted samples

All of the samples that were obtained from the retort procedu{Bection 4.4.3, were
tested for their melamine content, arising from migration, according to the HPLC
procedure described in Sectial.4.4.1 After data collection, a linear regression plot of
the peak height provided by the standard solutions, against their concentratas

developed
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4.4.4.3. Determination of the melamine concentration, after extraction

The concentration (C) (ug/mL) ofelamire that was detectedn the medium isolated
from each retorted coating sample wabtained from the straight line regression graph
(Equation 9) Each concentration wasonverted intoa migrant concentration value
(Mg/6dm?). In these calculations, the exposed area (A) of coating$) (dnd the volume
(V) of aqueous food simulant (mL) are taken into account. The relatiomsigiven in
Equation4.4-1.

Equation4.4-1: Melaminemigration concentration equation

In the equation, the conventional surface area to mass ratio of 6gknkg (or litre)was

applied

4.4.4.4. Determination of the % hydrolysis of crodmker to melamine

The extent of crosnker hydrolysis to melaminwas calculated according t&quation
4.4-2.

AG L HT T GHIL "H{ A "H
Nt CHD RS A H

PEOoHIT T o

Equation4.4-2: % Hydrolysis tanelamine equation

The eperimental yield ofmelamine was the value that was determined through
chromatographicevaluations andacquired on the basis oftraight line regression

calculationsas shown irEquatiord.4-3.

n ER A

Equation4.4-3: Linear regression equation
Here, Y = Peak height of melamine standards, from HPLC
M = Slope of the straighine regression graph.
X = Concentration of melamine standard soluti@qug/mL)
C = Intercept from thetraight line regression graph
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The theoretical yield of melam&nwasobtained fromEquation4.4-4. This represents the
amount of melamine that would be yielded from the complete hydrolysis of a certain

amount of melamino crosbnker, used in any particular coating formulation.
Ri "HU "LUHL HEEHA) R ER € AR PANRE

Equation4.4-4: Melamine yield equation

SMR= the conventional surface area to mass ratio of & dm
FWT= film weight thicknegg/m?).
The%CRIs the weight percent of therosslinker in the total wet coating formulation.

In Equation4.4-5, MDV = melamine degradation valughis represents the conversion of
the crosslinker into melamine. Thus, as an example, one mole of hexamethoxymethyl
melamine HMMM: 390 g/mol) will give rise tone mole of melaming€l126 g/mol). Thus,

for HMMM,

[l A M TH{ i
E An T T i

—  ——)

Equation4.4-5: Melamine degradation equation
4.4.4.5. Determination of the molar concentration of melamine migrants

The molar concentration of melamine migrant was calculated accordingqtaation
4.4-6. This equation represents the number of moles of melamine that migrated into

each litre of retorted food simulant.

. PE£O HIT T OAHIIT AN &HTT T HH 4L T 1
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Equation4.4-6: Melamine molar concentration equation

In the equation the density of thdood simulantwas taken intoaccount (~1 g/crf). The

molecular massf melaminewas also considered.
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4.4.5. Benzoguanamine analyses

All analyses for benzoguanamine, time standard solutions and in retorted coating
samples, were carried out according to the HPLC procedure that was descriBedtion

24.6

After the analysis othe calibration solutions and subsequedata collection, a linear
regression plot ofthe peak height ofeach of thestandard solutionsagainst thér
concentration was developed This plot was wused in determination of the

benzoguanamine content of various compositions.

4.45.1. Determination of benzoguanamine concentration, after extraction

The concentration (ug/mL)fdenzoguanamine that was detected from each extraction
solution was obtained using the datelated to the linar regression graph, in a similar
manner to that described isection4.4.4.4 These concentrations were converted into
migration values (pg/6dA), taking into consideration the exposed area (A) of coatings
(dm?) and the volume (V) of aqueous food simulant (mL). The relationship that was

shown inEquationd.4-1 was used for the calculations

4.45.2. Determination of the % hydrolysis of crodmker to benzoguanamine

The % hydrolysis of cressker that resultedin the release of benzoguanamine was
calculated using Equation 4.4-7 and Equation 4.4-8. The eaperimental vyield of
benzoguanaminevas the value thatwasobtained through HPLEvaluations and straight
line regression calculationsn Equation4.4-7, the benzoguanamine degradation value
(BDV) was used irlgze of the stated MDV valubat wasused inEquation4.4-5, for the

HMMM crosslinker determination. The general case is showEquation4.4-8.

o w70
AR —r Ty

Equation4.4-7: Benzoguanamine degradation equation
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Equation4.4-8: Generalised benzoguanamine degradation equation
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4.4.6. Formaldehyde analyses

4.4.6.1. Analysis offormaldehyde standard solutions

1 mL of each of the standard solutions was transferred into a 12 mL glass vial. To each
vial, 1 mL of chromotropic acshltsolution and 8 mL ad 75%(v/v) sulphuric acid were
added. The vials were placed in a water batl60°C for 20 minutes and were then left

to coolto room temperaturefor 1 hour, (Stratton and Bradley, 20)1

Each of the samplesas then transferred into a 10 mm cuvette cdlheabsorbance was
measured at 574 nm, usingdauble beam Varian Ca§0 U\WVisiblespectrophotometer
(Chem.agilient.com After data collection, a linear regression plot of the absorbance

against theconcentration of each standard solutiovas develped.

4.4.6.2. Determination of formaldehyde migrant, in retorted samples

Samples obtained from the retort procedurgSection4.4.3 were tested for their
formaldehyde content(as a migrant), according to the spectrophotometric procedure
described in Sectioa.4.6.2

4.4.6.3. Formaldehyde concentratiorvaluations, after extraction

The concentration (ug/mL) of formaldehyde migrant that was detected from each
extraction solution was determined using a straight line regression procedure in a
manner that was described in Sectid.4.4.4 The concentrations were converted into
migration values (pg/6dA), taking into consideration the exposed area (A) of coatings
(dm?) and the volume (V) of aqueous foaimulant (mL). The relationship that was

shown inEquatiord.4-1 was used for the calculations.

4.4.6.4. Determination of the % hydrolysis of crodmker to formaldehyde

The% hydrolysis of crodskerleadingto the releaseof formaldehyde was calculated on
the basis oEquation4.4-9 and Equation4.4-10. The &perimental yield oformaldehyde
was the value thatwasobtained through spectrophotometrievaluations andhe use of
straight line regression calculationk Equation4.4-9, the formaldehyde degradation
value (FDV) was used in place of the stated MDV uhlaewas used for the HMMM

crosslinker inEquationd.4-5. The general case is shownEquation4.4-10.
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Equation4.4-9: Formaldehyde degradation equation
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Equation4.4-10: Generalised formaldehyde degradation equation

In the FDV estimation, an assumption was made,timatheory, for each mole of HMMM

that becomes completely hydrolysed, 6 moles of formaldehyde are released.

4.4.6.5. Determination ofthe formaldehyde release during the curing of coatings

Experiments were carried out with the aim of investigating the amount of formaldehyde
that would be released during the curing eboxy coating formulations angloly(ester)

coating formulations. Twoeparate procedures were followed.

In the first procedure, a distillation set up was developed. 10 g each of poly(esesr)
coating and eaclof poly(esterjacrylic coating were placed into separate 50 mL round
bottom flasks. The flasks fitted with cond@ms were heated in an oil bath at 198, for

90 minutes. The heating was then stopped and portions of the distillates were taken for

analysis ofheir melamine, benzoguanamine and formaldehyamtent

In the second procedure, a Shimadzu-l8E (QP2010)nit, equipped with an AGE00
auto-injector was used(Shimadzu.com 0.1 g each of poly(estetrea coatingand of
each poly(esteracrylic coating were placed into separ&® mL GGtype-vials. The vials
were sealed using a crimper and were then incubated in theo@@ for 12 minutes, at
195°C. After the set exposure time, aliquotstbé headspacgaswere injected into the

GC instrument for analysis. The conditions used for the analysis are given below:
Column:BTX5, 0.25 um, (30 m x 0.25 miggge.com
Column temperature200°C

Injection volume:1 uL
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Detection:Mass spectrometry
Flow rate:0.5 mL of argon per minute

Run time:25 min
4.4.7. Stability of the migrants when in the extraction solutions

In separate expriments, the stability of melamine, of benzoguanamine and of
formaldehyde respectively, contained in the retorted 1@Q9v) aqueous ethanol food

simulants was investigated.

After the retorting of various, selected coatings, according to the procedureridescin
Sectiord.4.3 the simulants were isolated from the metal plates, sealed and stored under
laboratory conditions. After 1, 7, 14 and 30 dayfsstorage, portions were taken from
each of the solutiom and the amountof melamine, of benzoguanamine and of

formaldehyde in each as determined
4.4.8. Stability of melamineprecursor compounds when in the retorted solution

This study was designed to establiwhether or not, through further retorting of the
extracted solutions, the melamingrecursor compounds that were contained in the

retorted solutions could yield more melamine through hydrolytic routes.

Selected coating panels were used to represent tewious epoxy coatings and
poly(ester) coatings. After the coatings were retorted in 10#&) aqueousethanol
solutions and after the metal panels were removed, according the procedure described
in Section4.4.3 10 mL of each solution were sealed in a vial, using a crimper. The vials
were then retorted in the pressure cooker for 1 hour, at &1 The vials were removed
from the pressure cooker aftehe heating was complete and were allowed to cool to
room temperature. Aliquots of the solutions were then taken for analysis of their
melamine content using HPLC. Theounts of melamine in these solutions were

compared to those that were obtainagsingthe first retort proceduregSectiord.4.3.
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4.4.9. Study of the further release of migrants following additional retorting of the

isolated panels

This aspect of analygsivas designed to establish whether or not further melamine would
be released, through hydrolysis, as a result of further retorting of isolated retorted

panels, in fresh aqueous food simulants.

Selected coating panels were used to represent the variousxyepmatings and
poly(ester) coatingsAfter the coatings were retorted in 10%¥/v) aqueousethanol
solutions, according the procedure describedSaction4.4.8 the metal panels were
removedfrom the vials andhen thoroughly rinsed with a 10%(v/v) aqueous ethanol
solution. The coating panels were then each placed ingeparate20 mL crimp vial
containing10 mL of10% (v/v) ethanol food simulant The vials wer¢hen sealed and
retorted in a pressure cooker for 1 hour, at 13C. The vials were removedtbm the
cooker after the required exposure tinendwere allowed to cool taroom temperature.
Aliquots of the solutions were then taken ftine analysis otheir melaminecontents
their benzoguanamineontentsand formaldehydeontents as appropriaterespectively
Theamounts of these migrants, as detected, were evaluated and the data sterento

be consistent with further migrant release via hydrolysis.

4. 5. Discwssion of results

4.5.1. Rheological characteristics of coatings

Figure4.5-1to Figure4.5-4 present the flow properties diexamethoxymethyl melamine
(HMMM) containingrepresentative epoxy anhydridecoating formulations. On visual

assessment of the epoxy coatings, differences wegppagent in the viscosity of the
formulations as aunction of their solids conterdnd whether or not a pigment was used

in formulation.
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Figure4.5-1: Viscosity profile ohexamethoxymethylmelamine (HMMM) containing,

unpigmented epoxy anhydrideoatingformulation

The viscosity profile shown ifrigure 4.51 can conveniently represent all of the
unpigmented epoxy anhydride coatings that were formulateshch containing a
different crosslinker, Sectior3.3.3 This is because the coatings only vary in the type of
crosslinker that was used in formulation. In each case, the cliog®r was only 0.5% of

total formulation. Section2.8.4 shows that the each crodmker in isolation exhibits
Newtonian flow behaviour. Since the coating Higure 4.5-1 exhibits shear thinning
behaviour, then, the contribution of the cro$sA Yy { SNJ G2 GKS 2 @SNJI f f

minimal
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Figured.5-2: Viscosity profile ohexamethoxynethyl melamine (HMMM) containing, PW2

pigmented epoxy anhydrideoatingformulation
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Figure4.5-3: Viscosity profile ohexamethoxymethylmelamine (HMMM) containing, epoxy

phenoliccoatingformulation

Figure4.5-2 and Figure4.5-3 demonstrate that shear thinning flow behavioigrexhibited

by both the PW2pigmented epoxy anhydride coating and the epoxy phenolic coating.
Over theshear rate range that was usedhet viscositieslecreasewith anincrease in the

shear rate Again the overall contributions of the creléskers to therheology of the
coatings were minimal. With respect to viscosity values, at any given shear rate value,
[PW2pigmented epoxy anhydride coatings] >> {pigmented epoxy anhydride
coatings] >> [epoxy anhydride coatings]. All three coatings have demonstrated
decrease in viscosity as the shear rate was increased. This particular shear thinning
behaviour is important and desirable during the application of the coatings onto the

metal substrates.

Figure 4.5-4 and Figure 4.55 present the flow properties ofhexamethoxymethyl
melamine (HMMMJcontaining representative poly(ester) coatifagmulations. On visual
assessment of the coatings, differences were apparent in the viscosity of the

formulations as a function of their solids contents and volatile organic contents.
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Figure4.5-4: Viswsity profile of hexamethoxymethylmelamine(HMMM) containing coatings,

poly(ester}urea coating formulation
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Figure4.5-5: Viscosity profile(viscosity versus shear rat@f hexamethoxymethylmelamine

(HMMM) containing coatings, poly(estedcrylic coating formulation

Figure4.5-4 and Figure4.55 show the flow characteristics of the two representative
poly(ester) coatings. Both coatings exhibitear thinning flow behavioumwhere, over

the shear rate range that was usedhet viscositieslecreasewith anincrease in the shear
rate. In this case also, the overall contributions of the cilogeers to the rheology of the
coatings were minimal, the crog$ikers alone exhibiting Newtonian flow behaviour,
Section2.8.4 Therefore, the rheology of the coatings, in each case, was dominated by

the poly(ester) polymeric binders that were used in large amounts during formulation
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(Table 3.2-2). With respect to viscosity values, at any given shear rate value,
[poly(ester)urea coatings] >> [poly(estegrylic coatings] >> [epoxy anhydride coatings].
This significant difference in viscysiarises because of the significant difference
between the solids content of the two poly(estdrqsed coatings. The poly(estenea
coating contains 44% solids while the poly(estylic coating contains 32% solids.
Both coatings have demonstrateddacrease in viscosity as the shear rate was increased.
This particular shear thinning behaviour was important and desirable during the

application of the coatings onto the metal substrates.
4.5.2. Thermal behaviour of coatings

Each component in a coating formulation can play a role in affecting the thermal
performance anddecomposition behaviour of the coatingbrough the contribution
made on the basis dhe solids content®f the coatings. In this regayd GA was carried
out to monitor the thermal behaviour ofhe epoxy coatings anaf the poly(ester)
coatings The TGA results arising from the thermal analytical studies of the
hexamethoxymethyl melamine (HMMMjontaining, epoxjpased coatingormulations

are presented inFigure4.5-6. The TGA analgs were carried out using a 16C/min

heating rate.

100+

751 PEA EPH UEA

O Y T ¥ T T T T T T
100 200 300 400 500
Temperature/ °C

Figure4.5-6: TGA proile of hexamethoxymethylmelamine (HMMM})containing coatings, UEA:
unpigmented epoxy anhydrideoating PEA: pigmented epoxy anhydridmatingand EPH:

epoxy phenoliccoating
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The TGAresults shownin Figure4.5-6 indicatethat there is aconsiderabledifference in

the decomposition behaviouand in the solid contents amongst tlieree epoxybased
coating formulations The thermograms show a consistdiut different weight loss in

each case. These weight Iadiferencescan be correlated to the loss of solvent and to
the occurrenceof different typesof decomposition as the heating continye¢e around
420°C In each case, the TGA profile can beditidi into three stages. Stage 1 involves
loss of solvent components through a drying process as the temperature was increased
from 25°C to about 120/ ® ¢ KS FANRG LKIaS 2F adl3s wm
from 25°C to about 90C while the secathphase of stage 1 involves removabbbuncé
solvent from 90°C to about 120°C. In the figure, the behaviour of both the pigmented
epoxy anhydride coating and the unpigmented epoxy anhydrides gimilar, being
different from the behaviour of the epoxyhgnolic coating. This difference arises

because of the different solvent composition of the coatiragsindicated irSection3.3.

Stage2 of the TGAcurves as shownin Figure 4.56, in each case, represents film
development, curing and network formation. This follows stage 1 and occurs from about
120°Cto about 370°C. This also depends on the chemistry of each formulasiod the
non-volatile matters that each formulation containsStage 3 constitutes the
decomposition phase and occurs from about 370to 500°C. The level of residue that
remains afte 500 °C depends on the newolatile matter content of each coating. The
pigmented epoxy anhydride coating gives the highest residue because of the PW2 TiO

pigments particles that were incorporated time formulation.

Table4.5-1: Values of solids content of HMMM crodimked coatings

Coating type Solids content (at 20€C)
Unpigmented epoxy anhydride 41% £1
PW2-pigmented epoxy anhydride 56 % 1
Epoxy phenolic 45% +1
Poly(ester) urea 44% R
Poly(ester)acrylic 32% 1
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The results obtained from the solids content analyses carried out of different coatings
are shown inTable4.51. The variationin the values of solids contents amohghe
various coatings arises because of the differences in levels ololatile matter that
was used in the formulation of each coating, Sec8d The results shown ihable4.5-1
according to procedures in Sectidt?.2were found to be consistent with the TGA based

solids estimations which can lebtainedfrom Figure4.5-6 and Figure4.5-7.

The TGAasedthermal decomposition behaviouof the hexamethoxymethyl melamine
(HMMM) containing, poly(ester) coatirfgrmulations are presented ifigure4.5-7. The

TGA analysis was carried out using &Qnin heating rate.

100 200 300 400 500
Temperature/ °C

Figure4.5-7: TGA profile ohexamethoxymethylmelamine (HMMM) containing coatingfU

poly(esterrureacoating and PA:poly(ester)acryliccoating

In Figure4.5-7, the thermogramsan also be divided into three stages. Stage 1 involving
loss of solvent components, stage 2 involvilgh development, curing and network
formation and f¢age 3 involving tb decomposition of the aiings. Stage 1 involves, in
stepd > GKS NBY2@If 2F 020K & 7FNBECdoakoatfllFSy (i
for the poly(esteracrylic coating and up to about 14%C for the poly(esterlirea
coating. This differece arises because of differences in théoiling points and
evaporation rates of solvents that were used in the formulation of the coatiBgstion

3.3. Stage 2 of the TGAedompositionas shownin Figure 4.5-7, represents film
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development, curing and network formation. This follows stage 1 and occurs from about
110°C to about 37FC. D@endng on the chemistry of each formulation and the non
volatile maerial that each formulation contains, the weight loss and the sadidsieved

at each phase of stage 2 differs. Stage 3 constitutes the decomposition phase and occurs
from about 370°C to 500 °C. The level of residue that remains after 580 was
comparable because both formulations aleminatedby essentially similar poly(ester)

polymeric binders.

4.6. Conclusions

Accurate, effective analytical proceduregere developed and authenticatedor the
analysis othe liquid coatings and theured coatings and for thstudy of the migration
behaviour of melamine, of benzoguanamine and of formaldehyde from coatings into

food simulantsduringretorting procedures

All of the liquid coatings thatvere daracterised rheologicallghowed shear thinning

behaviourwhich wasdominatedby the polymeric binders that were used in formulation
The viscosity of each coating decreased when the shear rate was increBisisd.
behaviouris important and desirald in the application of the coatings onto the metal

substrates.

The TGA da from the liquid coatingsprovided useful informationconcerning the
solvent evaporation process arttie solids contents of each coating. €Twaluesare
important in the considergon of the levels of organic and inorganic matter that are

contained in the coatings, after heating/curing at specific temperatures.
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Chapter5: Epoxy coatings study ofthe migration of melamine, the

migration of benzoguanamine and the migration of fomddehyde

5.1. Introduction

The aims of thissection of the total studywere to investigate and togain an
understandng into the release/migration of amino relatedubstancedrom the amino
crosslinked, epoxybasedcoatingsthat are widely used ikanmaking applications. Thys
the amino crosdinker amount, cros$inker chemistry and the effects of curing time and
of curing temperature onrmelamine release, benzoguanamine release and formaldehyde

release fromselectedepoxybasedcoatingswere evaluated.

This chapter concerns the resultbtained from studies bfood contactepoxycoatings.
Theoptions chosen wee: (1)unpigmented epoxy anhydrideoatings (2) TiG-pigmented
epoxy anhydride coatingand @) epoxy phenolicoatings.

Various experiments werearried out using selected representz crosdinkers to
investigae the tendeny of the cured coatigs to releasanelamine, benzoguanamine
and formaldehydeas appropriateafter the coatings were retorted in food simulants, at
elevated temperaturesRetorting of the coatingsat 131°C,for 1 hour, in selected food
simulants, was used to represettie food sterilisation processThe potential for the
epoxy coatings to releasdow molecular weight compoundswas also investigated

through room temperaturestudies

In the studiesof pigmented epoxy anhydride coatingfhanges that took place ovéwno
weeks three monthsand six monthsstorage periodsrespectivelywere monitoredto
establish the potential for coatings to agewith respect to melamine release and
migration Thisis important because,n the can coatings industry, it mde up to two
weeks after formulation before the coatings are delivered to a user. It may take up to
three months, in some instances, before tloeatings are used in the camakng

processes(Valspar France, 2010
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The results obtained from all the magion studies are expressed in pg/68mwhere
1ppb = 1ug/6dr), as this is standard way of expressirige migration oflow molecular
weight compoundsnto foods or into food simulantsTo obtain a trend by which the
performance of the various crogisking compounds could be compared, the results
were then converted into values of % hydrolysis of clodser to melamineor to the
other analytes This was achieved by taking into account the molecular weight of each
crosslinker, the thicknessof each coting and the area of the coating thatagused, in

each case

Unless specified, any mention of HMMM refers to HMMMAny mention of HBMM
refers to HBMM3. Any mention of TMTBM refers to MMIC Details regarding the
crosslinkers are provided iffable2.2-3 and in Sectior2.8.2to Section2.8.6

5.2. The effect of food simulant composition on melamine release from

cured, retorted epoxy coatings

Food simulants are considered to bBppropriate simplified models ofoodstuff thatcan

be usedto mimicfoods for migration testing European Commission Directive 82/11/EEC
allows the use of 3%v/v) aqueous acetic acid and 1084v) aqueous ethanol solutions
in such migration studies,(European Commission, 1982nformation relating to the

type of food that each simulant mimics is given is Sectidq.

The food simulants 3%v/v) aqueous acetic acid and 1084v) aqueous ethanol were
used in cortrolled studies, under the same conditions to monitor the release of
melamine andhe hydrolysis of crosknkers in pigmented epoxy anhydride coatings and
unpigmented epoxy anhydride coatings. The results that were obtained are shown in
Table5.2-1 and Table5.2-2.

In aosslinker identification HMMM denotes hexamethoxymethyl melamineMMTC
denotes methylol melaminetype crosdinker. HBMM denotes hexabutoxymethyl

melamine and DBMBenotesdibutoxymethyl benzoguanamine
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The resultsrom the study of theeffect of the food simulant composition dhe release

of melamine andn crosslinker hydrolysisfrom unpigmented epoxy anhydride coatings

are shown inTable5.2-1. These results provide a basisto the understandingof the

migration behaviour of thespecificcoating in the two different food simulantsa point

that is of relevancewhen the coatings come into contact withdifferent food

compositions.

Table5.2-1: Amount of melamine releasedind extent of crosslinker hydrolysis from

unpigmentedepoxyanhydridecoatings, crosdinked with different amino crosdinkers, cured

for 10 minutes at 200Cand retorted in food simulants at 132C, for 1 hour

Melamine release ipg/6dm?and Crosdinker hydrolysis

Crosslinker |Using 3% aqueous acetic a Usingl10% aqueous ethanol
HMMM-1 754+2 99%+2 564 8 74 % %2
HMMM-2 650+4 85% +2 525 +11 69 % +3
HMMM-3 69212 91% =+2 567 +6 75 % *1
HBMM-1 390+3 82%+2 321 7 71 % 2
HBMM-2 590+1 98%+2 562 +2 97 % £3
HBMM3 4031 86%+3 374 £3 82 % *2

MMTC1 (TMTBM 43243 68%+3 497 3 79 % =1
MMTG2 270%2 47% £2 294 +4 53 % +1
MMTG3 300+5 54%+1 224 £5 40 % +2
MMTG4 330+2 30% +1 371 6 34 % *2

DBMB 91+2 9%=+1 78 2 7% £1
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Table5.2-1 and Table5.2-2 respectivelyshow that the release of melamine froboth
the unpigmented epoxy anhydride coatings and the PW{Inented coating®ccured
when either of the food simulantwasused. There wamore release of melamine when
the 3% (v/v) aqueous acetic acid food simulant was pged the difference was not
large and it was not the case for every coating. The higher is bkeuse othe greater
acidity of the acetic acid solutioBoth food smulants can be considered to hgdrolytic

solvents,(Brown, 2013.

The 3% (v/vlaqueous acetic acjdpH 3.5,showed more surface interaction with the
coatings thandid the 10% (v/v) aqueous ethangdH 6.5,when contact angle studies
were carried out perhaps also contributingp greater hydrolysis of the crodmkers in
the coating, thus, releasing more melaminé literature reports, where migration
studies were carried oubr other purposes, it washown that there was greater release
into the 3% (v/v) aqueous acetic acid comparison to the 10% (v/v) aqueous ethanol,
(Sidwell and Forrest, 2000

The results for the effect of the food simulant composition on the release of melamine
and crosdinker hydrolysis fronlPW2pigmented epoxy anhydride coatings are presented

in Table5.2-2.

Theresults shown inrable5.2-1 compare with those shown ifable5.2-2. Both sets of
results show that generally, th&% (v/v) aqueous acetic aci@ads to greater hydrolysis

of the crosdinkers in the coatings, thus, releasing more melamine than when the 10%
(v/v) agqueous ethanol food simulant was uségjain, the3% (v/v) aqueous acetic acid
gave lower values of contact angle on the surface of the coatings than those values
obtained using 10% (v/v) aqueous ethanol. Thus, the greater the interaction of te foo
simulant with the surfaces prior to and during the retorting of the coatings, the greater
was the melamine release from the coatings. Another factor to be borne in mind is that
the two simulants differ with regards to solution/solubility properties angemmical

reactivity.
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Table5.2-2: Amount of melamine releasednd extent of crosdinker hydrolysis,from PW2

pigmentedepoxyanhydridecoatings, crosdinked with different amino crosdinkers, cured for

10 minutes at 200°Cand retorted in food simulants at 131C, for 1 hour

Melamine release ipg/6dm?and Crosdinker hydrolysis

Crosslinker Using 3% aqueous acetic a{  Using10% aqueous ethanol
HMMM-1 5734 56%+2 404 2 35% %2
HMMM-2 425+1 37% A 3912 34% 1
HMMM-3 585+3 50% # 418 +4 36 % 2
HBMM-1 240%2 34%+1 217 5 31% 2
HBMM-2 295%2 41%+3 423 3 59 % 3
HBMM-3 260+3 37%+2 250 4 36 % 2

MMTC1 (TMTBM 285%3 30%+3 226 3 23% 1
MMTG2 145+4 24%+3 242 2 28 %+3
MMTG3 300+5 35%+3 317 A 37% 3
MMTG4 25016 17%=3 193 83 15% 2

DBMB 85+2 8%+1 71 2 6% 2

The overall results show that all of thecoatingsare susceptible to the release of

melamine through croslnker hydrolysis.In each case, melamine release and

subsequent migration wawell below the current 2.5 mg/6df limit set by European

regulatory agenciegEuropean Union, 201)}bThe 10% (v/v) aqueous ethanol simulant

was used more ofterin subsequent work reported herehecause its gives greater

instrument compatibility caused less corrosion of the metal substraaed sincethe
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results can generally belatedto those obtainedusing a3% (v/v)aqueousaceticacidas

afood simulant

The results given in Table 5.2-1 and Table 5.2-2 show the effect of the chental
behaviourof the crosslinkers on melamine release amuh crosslinker hydrolysisn the
epoxy coatingsSuch effectsvere studied in further detaidnd the results are presented

in Sectiorb.4.

A ompatison ofthe resultsgivenin Table5.2-1 with those inTable5.2-2 shows that
there was areffect of the presence of the Ti(articles on melamine release and on
crosslinker hydrolysisSuch effects were studieoh further detail and the results are

presented in Sectiob.14to Section5.16.

5.3. Release behaviour afpoxycoatings to yield melamine,
benzoguanamine and formaldehyde into various solvents, at room

temperature

The results that were obtained with regards ttoe release, followinghe non-thermal
AYYSNEA2YKSELRZadzNE 2F Odz2NBR 021 GSR LI ySt &
Table5.31.

For this aspect of the stly, HMMM crosslinked pigmented and unpigmented epoxy
anhydride coatings were used, accorditigthe proceduregivenin Section4.4.1 The

G a 2 f &xBogei t cover a range of total solubility paramef€8PYyalues,consised of
polar and norpolar solvents with agueous and no@queous representatives TSP
represents aontribution from polar forces, dpersionforces, Vander Waals forces and
H-bonding as a property of the solvent.he solubility parameter equation is shown in
Equation5.3-1, (Barton, 199}

Kr=Kq + Ko+ K,

Equation5.3-1: Hansen slubility parameter equation
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In Equation5.3-1, Kr denotes thetotal solubility parameter Kydenotes contribution of
thedispersion componentK, denotes contribution of the polar component ank,

denotescontribution ofthe hydrogen bonding component.

Table5.3-1: Release from gred panelscoated with pigmented epoxy anhydride coatings,

treated with different solvents at room temperature, for 24 hours

. .~ a TSP of Melamine  Benzoguanamin¢ Formaldehyde
a{ 2t dsS , ,

osolvents release release release
D.l Water 47.9 <LOD <LOD <LOD
Acetonitrile 24.6 <LOD <LOD <LOD
Dichloromethane 19.8 <LOD <LOD <LOD
Chloroform 19.0 <LOD <LOD <LOD
Toluene 18.2 <LOD <LOD <LOD
Xylene 18.0 <LOD <LOD <LOD
3%Acetic acid C <LOD <LOD <LOD
10%EBhanol C <LOD <LOD <LOD

TSPtotal solubility parameter(MPa}? and LODIimit of detection

The results inTable5.3-1 showthat, at room temperature (25°C) either the migrants
melamine, benzoguanamine antbrmaldehyde were not released after 24 hour

immersion in the various solvents or that any releasiring the procedurewas below
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the limit of detection(LOD) for each of the migrantesing the procedures described in
Section4.4.1, the mgrant compounds were noextracted fromthe surface of the
coatings when the surface rubbifipsed extraction studies were carried odthe LOD
values were 17pg/6dm? for melamine, 15ug/6dn¥ for benzoguanamine and {lg/6dm?

for formaldehyde.

Contrary to the room temperaturdreatments and the surface rubbing procedures
retorting the coatings, at a temperature of 18C in an aqueous acetic aginulantor
in an aqueous ethanol simulan{Sections5.4 to 5.9) resulted in melamine release.
Therefore, the extent ofmelamine generation from epoxyased coatings, tmough
hydrolysis is stronglyaffected by the temperatureThese points are further discussed in

Section5.4through to Sectiord.16.

5.4. The effect of crosdinker chemistry on melamine release from cured,

retorted epoxy coatings

Theresults that relate to the contribuion of crosdinker chemistry tothe amount of
melamine thatthe cured, retorted coatings releadeinto 10% (v/v) aqueousgthanolic
food simulantare shown inTable5.4-1 and Table5.4-2. All of the coatings were cured at
200 °Cfor 10 minutes and were then retorted in 1004/v) aqueous ethanglat 131°C,

for 1 hour.

In Table5.4-1, the amounts of melamine released from ablatings are expressed in
Hg/6dn?. In Table5.4-2, the results are expressed in term of tpercentage of each
crosslinker hydrolysed during the retaing of the coatingsBased orsuch resultsthe

performance of the coatings and the crdgkers that theycontain,can be compared.
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Table5.4-1: Amount of melamine released from epoxy coatingsosslinked with different
amino crosslinkersand cured for 10 minutesat 200°C

Melamine release/ (1g/6dm)

Crosslinker ~ Unpigmented epoxy  Pigmented epoxy  Epoxy phenolic

anhydride coating anhydride coating coating
HMMM-1 5648 404+9 1874
HMMM-2 525+11 39115 15145
HMMM-3 56716 418+4 17344
HBMM-1 32147 217411 11046
HBMM-2 58212 42315 124+4
HBMM-3 3743 250 6 98 18
MMTG1
497+3 226+4 9513
(TMTBM)
MMTG2 294+4 24243 8313
MMTG3 22445 3174 8514
MMTG4 3716 1934 7816
DBMB 79 +4 71 +3 2414

Theresults show that all of the coatings, each containing a different grade/chemistry of
crosslinker are susceptible to the release of melamine through ctiog®r hydrolysis. In
each caseany melamine release and subsequent migration was within the current,

approved limits set by European regulatory agendigsropean Union, 2013b
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Table5.4-2: % hydrolysis othe crosslinker as a consequence of autoclaving epoxy coatings
crosslinked with different amino crosdinkers andcured for 10 minutesat 200°C

Hydrolysis of crosdinker to yield melaming

Unpigmented epoxy Pigmented epoxy Epoxy phenolic

Crosslinker _ _ _ _ _
anhydride coating anhydride coating coating
HMMM-1 74 %2 35 %2 64 %t1
HMMM-2 69 %+£3 34 %2 52 % +2
HMMM-3 75 %+l 36 %2 60 %+3
HBMM-1 71 %2 31 %+l 62 %2
HBMM-2 97 % +3 59 % +3 70 %3
HBMM-3 82 %2 36 %+l 55 % +2
MMTG1

79 %1 23 %2 40 %1

(TMTBM)
MMTG2 53 %+1 28 % +1 39 %+2
MMTG3 40 % +2 37 %2 40 %1
MMTGA4 34 %+2 15 %42 20 %+3
DBMB 10 =1 6% +2 7% +2

The melaminereleasebehaviour of thetwo alkylated crossinkers HMMM and HBMM
was similar, being different from that exhibited by the methytigbe of crosslinker. The
former releasal more melamine under agueousthanolicretorting conditions than did
the latter. There are reactivity differencesbetween the alkylated crosdinkers andthe

methyloktype crosdinkers. The methylottype crosdinkers wouldbe expected tchave
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greatercrosslinkingtendenciesduring curingas a result of the availability of the highly
reactive CCHOH functional groupsBher functional groups (€OcC) are less reactive
than hydroxyl functional group;©QH) (Jacobs, 1997 There is also a tendencgluring
the curing of the coatinggor the alkylated crosdinkersto losetheir etherifyingalcohol
allowing for them to crostink with the bulk binder throughqCHOH. Methylottype
crosslinkerscandirectly enter into crosdinking reactioms since they do not need to lose

any alcohat group This point is further discussed in Sectibi.

The dibutoxymethyl benzoguanaminéDBMB-crosslinked coatingsreleasedthe least
melamine. This is not surprisirsgncethis crosslinker contains the leashmount ofthe
active melamino componenthat could potentially be hydrgked. The fact that the
benzoguanamine crodsiked coatingyielded melaminecan be explainedby appreciatng
the history of ths crosslinkerQ @anufacture process. As explained irct8mn 2.8.3 after
production, the benzoguanamingroduct can contain up to 2% melamine, either as an
impurity or as an additiveThe melamine impuritiebavethe potential to compete with
the benzoguanaine, in reactions, during the preparation tife crosslinker. Thus, a

benzoguanamino crodsgker, containinga melaminocomponentwould be produced.

5.5. Kinetic aspects of the release of melamine from cured, retorted

epoxycoatings

Theexperimental resultrom the kinetic studies relatgto melamine release are shown

in Figure5.5-1 to Figure5.5-6. In each case, the amount of melamine released from the
coatings into he food simulants and the % of crebsker that was hydrolysed in the

process are shownlhe amounts released by the atings into the food simulants are

well below the2.5 mg/6dn? approvedcurrentlimit. ¢ KS &2 K& RNRBf &&A & N
comparison to be made between all of the different crliskers that were used in the

coatings.
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Figure5.5-1: Unpigmented epoxy anhydride coatingeachcontaininga different crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine,

HBMM: hexabutoxymethyl melamine and DBMB: dibutoxymettyénzoguanamine
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Figure5.5-2: Unpigmented epoxy anhydrideoatings, each containing a different crofiaker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine,

HBMM: hexabutoxynethyl melamine and DBMB: dibutoxymethyl benzoguanamine

According toFigure5.5-1, under all of the conditionsinder whichthe coatings were
retorted, melamine release into 10% (v/v) aqueous ethanol food stimulant was within
current European regulationgi-uropean Union, 201)bFigure5.5-1 wastranslated into
Figure5.52 in order to allow for comparison of cro$isker contribution to coang

hydrolysis to be made The hexamethoxymethyl melamine HMMM) and the
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hexabutoxymethyl melamine HBMM) gave a similar hydrolysis patternthat was
different from that exhibited by thetrimethylol tributoxymethyl melamine TMTBN
crosslinker. Consideraton of the TGA results shown in Secti@mB.6 shows that
HMMMs and HBMMd#$ave similarthermal decomposition patternsvhich are different

from that of TMTBM and dibutoxymethyl benzoguanamine (DBMB). This is largely
because the TMTBM and the DBMB ctliskers possess methylol functional groups.
Although the melamine release process is dominated by chemical events and by thermal
events, the methipl functionality has the greater tendency to react during curing,
leading to a greater crosdink density than can be achieved by HMMM or HBMM
(Jacobs, 1997 The TMTBM crosé$inked coatingwas less susceptible to crofisker
hydrolysis during the retding of the coatings.

The dibutoxymethyl benzoguanamine (DBMB) ciodser gave the lowest value of
hydrolysis to melamine compared with the other crosdinkers. This isbecause
compositionally, theDBMBhasa limited tendency to hydrolyse tanelamine sige the
melamineproducedarises from melamino impurities in the crelasker. However,the
bulk of the crosdinker composition is predominantly based on benzoguanamino
components (Inchem.org, 200l The results suggest dh during the retoring process,

the contaminantmelaminewas released during the first 30 minutes.

B HMMM (SE of slope: +5.41)

8001 o TMTBM (SE of slope: + 1.81)
A HBMM (SE of slope: + 5.02)
6001 ¥ DBMB (SE of slope: +0.02) .

Melamine release/ (pg/dez)

30 60 90 120 150 180
Retorting time/ min
Figure5.5-3: PW2-pigmented epoxy anhydrideoatings, each containing a different crofiaker,

HMMM: hexamethoxymethylmelamine, TMTBM: trimethylol tributoxymethyl melamine,

HBMM: hexabutoxymethyl melamine and DBMB: dibutoxymethyl benzoguanamine
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Figure5.54: PW2-pigmented epoxy anhydrideoatings, each containing a diffeng crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine,

HBMM: hexabutoxymethyl melamine and DBMB: dibutoxymethyl benzoguanamine

Figure5.5-3 shows that the order of release of mlamine was|HMMM crosslinked
coatings] > HBMM crosslinked coatings] > [TMT® crosslinked coatings] > [DBMB
crosslinked coatings]. Thisequence arise because of differences ineactivity and
differences in available melamine per crdggker unit. The amount of melamine that can
potentially be released agrees with the release order described above. According to
Figure5.54, the HMMM and the HBMM crodmked coatingsgave asimilar overall
hydrolysispattern because they have comparable chemical functionaditgce both fall

into the class of etherified amino asslinkers. TheTMTBMcrosslinked coatings gave
lesser hydrolysis ofhe crosslinker because during curing, greater extent ofcross
linking reaction wasachieved compared tdhat which occurredwhen HMMM and

HBMM crosdinkers aréwere used,(Jacobs1997).

As shown irFigure5.5-4, as a consequence of coating retorting, crisker hydrolysis
increases linearly with an increase in retorting timexcept for BMB crossinked
coatings. The DBVIB crosslinker has a limit to the amount of melamine thait can
release The melamine release arises franelamino impurities in tts crosslinker. With
regards to the DBMB crodiked coatings, the resultshown in Figure 5.54 are
consistent with those ifrigure5.5-2 and Figure5.5-6, suggesing that all of the available

140



melamine impurity components must have beeneedeal during the early stages of

retorting processs
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Figure5.5-5: Epoxy phenolicoatings, each containing a different creisker, HMMM:
hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyhelamine, HBMM:

hexabutoxymethyl melamine and DBMB: dibutoxymethyl benzoguanamine
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Figure5.5-6: Epoxy phenolicoatings, each containing a different creisker, HMMM:
hexamethoxymethyl melamine, TMTBM:imethylol tributoxymethyl melamine, HBMM:

hexabutoxymethyl melamine and DBMB: dibutoxymethyl benzoguanamine

With the epoxy phenolic coatingshe melamine release into the 10% (v/v) aqueous

ethanol food simulant increaskewith an increase in the retortingme. Again, the DBMB

141



crosslinker contains arestricted amount of melamine that can be generated from the

coating.

When the data shown irFigure 5.5-1 to Figure5.56 are extrapolated tothe zero

retorting time, the resultsndicate that in each case, melamine was available for release

even before retorting of the coatings commenced. This point agrees with the findings in
Section6.15where itis shown that the generation of melamine commenced during the

curing of the coatingsAny melamine that might have been released during the curing
process must have been locked in the coating as a result of film formation. This available
melamine then becomes extracted wherthe coatings are subjected to elevated
temperature retorting under aqueous conditiondt has already been shown th#be

NRE2Y GSYLISNI (dzNB G NBI GYSy lesndtfeaditaBy réetde i A y I
of melaming (Secton 5.2).

These results mean that there ipotential for melamine releaséo occurfrom amino
coatingsinto the foodwhen the canned packagingndergoesautoclaving, sterilisation
and pasteurisation duringorocessing The longer theperiod under which thehigh
temperature treatmentswere applied, thegreaterwas the tendency of the coatings to
release melaminguntil all of the melaminewas released. The rate of releaseas
proportional to the amount available for releas@he permitted levels of such
contaminants are likely to be reduceuh line with WHO advicelhus, thee data give a

benchmarkfor the intended techologies

5.6. Kinetic aspects of the release of benzoguanamine from cured,

retorted coatings

The experimental results from the kinetic studiearried out to assess theeleaseof
benzoguanamindrom dibutoxymethyl benzoguanaminddBMB crosslinked coatings
are shown inFigure5.6-1 and Figure5.6-2. These resultsneed to be considered in the
context ofthe current5 mg/6dn? or 5 ppm EU allowedpecificmigration limit(SML)of

benzoguanaminé food contact materialyEuropean Union, 201)a
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Figure5.6-1: Dibutoxymethyl benzoguanaminedBMB crosslinked coatings, 1: unpigmented
epoxy anhydride, 2: PWRigmented epoxy anhydride and 3: epoxy phenolic

The resultsn Figure5.6-1 show that the amount of benzoguanamine that is released
from the coatings during retomg increases with an increase in retorting time. each
case, under the conditions for which the coatings were studied, the amounts released
were within the acrrent approved legislations(European Union, 201)aWhen the
results shown irFigure5.6-1 are extrapolated to zero retorting time, the results indicate
that in each cae, benzoguanamine was already available for release even before
retorting of the coatings commenced. This point agrees with the discussion provided in
Section5.5where itis statedthat there was a tendency of partial crekisker breakdown

to release either melamine and formaldehyde or benzoguamanaind formaldehyde as

a result ofthermal effecs duringthe curing process. In Secti@m®B.6 duringdiscussion of

the TGAbased behaviour of the trimethylol tributoxymethyl melamine (TMTBM) eross
linker, it wasstatedthat the thermal process can lead to the formation of thesslinker
starting materials.The findings in Sectior6.15 show that during the curing of the
coatings there isa considerable possibility thgtartial crosdinker breakdownwould
occur. Any migrant compound thatvas released during the curing processowd be
expected to be locked in the coating as a result of film/network formation. This
migrant would then become extracted when the coatings are subjected lkevated

temperature retorting under agueous conditions.
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Figure5.6-2: Dibutoxymethyl benzoguanaminedBMB crosslinked coatings, 1: unpigmented
epoxy anhydride, 2: PWpigmented epoxy anhydride and 3: epoxy phenolic

Both Figure 5.61 and Figure 5.6-2 show that the hydrolysis ok dibutoxymethyl
benzoguanamine (DBMB) crdgsked coatingas a result of retorting ithe 10% (v/v)
agueous ethanol simulants dependent on the chemistryf the coatingsAccording to
Figure5.6-2, [Hydrolysis irthe epoxy phenolic coating] > [Hydrolysistire unpigmented
epoxy anhydride coating] > [Hydrolysistie PW2pigmented epoxy anhydride coating].
When surface wetting studies were carried out, using the 10% (v/v) aqueous ethanol
simulant, the DBMB crodmked epoxy phenolic coating gavelaver contact angle of
67° compared with the values obtainedhen the DBMB crostinker was usedn the
unpigmented epoxy anhydride coating (J2or inthe PW2pigmented epoxy anhydride
coating (71°). This means thathe 10% (v/v) aqueous ethanol simulagtve greater
surface interaction with the epoxy phenolic coatimgading to greater hydrolysis of the
crosslinker to form benzoguanamineduring retorting. The PWRigmented epoxy
anhydride coating gavéess crosslinker hydrolysisthan its unpigmented counterpart
because of the contribution of the Ti@igment in ppmoting greater crostinking in the
coating, Sectionb.14. It is suspectedhat the hydrophilic pigment particleposses

catalytic activity andhat this can hae an effect on the curing process.

The resultsoverall show that there is a potential fobenzoguanamineeleaseto occur

from the aminobased coatings into the food when the cannegroduct undergces
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autoclaving orsterilisation. The longethe period ove which the high temperature
treatments were applied, the greater wasthe tendency of the coatings to release
benzoguanamie in the processThus,both the rate of the release and the rate of the
hydrolysis are proportional to the amourdf crosslinking agent that isavailable for

release.

5.7. Kinetic aspects of the release of formaldehyde from cured, retorted

coatings

The resultsfor the release kinetics oformaldehyde from the selectedepoxy coatings
into the 10% (v/v) agueous ethanébod simulants are shown inFigure5.7-1 to Figure
5.7-6. All ofthe coatings were retorted at the standatemperature 0f131°C, following
curing in the oven at 208C for 10 minutesThe resultscan be comparedvith the 15
mg/6dnt or 15 ppm EU allowed migration limit dormaldehydefrom food contact

materials (European Commission, 2005b
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Figure5.7-1: Unpigmented epoxy anhydrideoatings, eacttontaining a different crosdinker,
HMMM: hexamethoxymethyl melamineT MTBM: trimethylol tributoxymethyl melamine,
HBMM: hexabutoxymethyl melamine and DBMB: dibutoxymethyl benzoguanamiRetort

tests were carried out at 131C
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Figure5.7-2: Unpigmented epoxy anhydrideoatings, each containing a different crodisker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine,

HBMM: hexabutoxymethyl melamine and DBMB: dibutoxymethyl benzoguanamine

Figure5.7-1 and Figure5.7-2 show clearly that retorting the various unpigmented epoxy
anhydride coatings at 13°C leads to the release of formaldehyde. The longerpiéod

of time over which thecoatings are retortedhe greater is the amount of formaldehyde
that is released through hydrolysis. Formaldehyde continues to be released with
continued retorting of the coatings until the crodmker is fully hydrolysed. The amounts
of formaldehyde released from the unpigmed epoxy anhydride coatings are
significantly below the current specific migration limit (SML) ofrig6dn’or 15 ppm,
(Bradley et al., 201M@anielles, 2008

According tdrigure5.7-1, the order of release of formaldehydeas|[HMMM crosslinked
coatings] > HBMM crosslinked coatings] > [TMT® crosslinked coatings]= [DBMB
crosslinked coatings]. The amount ébrmaldehycd that can potentially behydrolysed
per crosdinker moleculeagrees with the release order described abowveligure5.7-2,
the HMMM and the HBMM crodsked coathgsgave asimilaroverall hydrolysipattern
because they have comparable chemical functionaBgth are considered to fall into
the class of etherified amino crofiskers. The difference in the extent of hydrolysis
between the two coatings depends tgly on the hydrolysis pathwayhe TMTBMand

the DBMBcrosslinked coatings gave lesser hydrolysis of cilodser because during

146



curing, agreater extent ofcrosslinking reaction was achieved compared to when
HMMM and HBMM crosBnkerswere used Thisis becauséoth the TMTBM and the
DBMB contain methylajroups in comparison to the HMMM and HBMM both of which

contain a less reactive ether functionalifyacobs, 1997

® HMMM (SE of slope: + 12.34)
® TMTBM (SE of slope: + 1.14)
A HBMM (SE of slope: + 1.29)
v DBMB (SE of slope: +0.12)
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Figure5.7-3: PW2-pigmented epoy anhydridecoatings, each containing a different croiaker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine,

HBMM: hexabutoxymethyl melamine and DBMB: dibutoxymethyl benzoguanamine
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Figure5.7-4: PW2-pigmented epoxy anhydrideoatings, each containing a different crofiaker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine,
HBMM: hexabutoxymethyl melamine and DBMB: dibutoxymethyl benzagamine
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The formaldehyde release behaviour of the P@i@mented epoxy coatingshown in
Figure5.7-3, was similar to that exhibited by their unpigmented counterpadisown in
Figure5.7-1. When both figures are compared, one can conclude that the release of
formaldehyde from the coatings through hydrolysis was dwated by the presence of
the epoxy binder system and that the behaviour of each choger was the similar
whether the TiQ pigment was used or not. As the coatings are retorted, the
concentrationof crosslinker decreases whees theamount of formaldehyde released

into the 10% (v/v) aqueous ethanol food simulant increases.

For the PWzigmented epoxy anhydride coating$ie order of releasef formaldehyde
was [HMMM crosslinked coatings}= [HBMM crosslinked coatings] > [TMTB cross
linked coatings] = [DBMB crodisked coatings].As explained elsewhere, this pattern
agrees with the reactivity and funcnality of the crosdinkers. HMMM and the HBMM
contain etherified functional groups and are therefore thought to be less reactive during
curing than arethe more reactive TMTBM and DBMB, both of which contain methylol

functional groups.
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Figure5.7-5: Epoxy phenolicoatings, each containing a different creisker, HMMM:
hexamethoxymethyl méamine, TMTBM: trimethylol tributoxymethyl melamine, HBMM:

hexabutoxymethyl melamine and DBMB: dibutoxymethyl benzoguanamine
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Figure5.7-6: Epoxy phenolicoatings, each containing a different cretisker, HMMM:
hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine, HBMM:

hexabutoxymethyl melamine and DBMB: dibutoxymethyl benzoguanamine

The formaldehyde release behaviour of the epoxy phenolic coatiragsnet different
from that exhited by both the PWgigmented andthe unpigmented epoxy anhydride
coatings. Figure5.7-5 and Figure5.7-6 show clearlythat retorting the coatings at 13iC
leads to the release of formaldehyde. The longer the coatings are retdhedjreateris

the amount of formaldehyde releade¢hrough hydrolgis.

As the epoxy phenoliccoatingswere retorted, the amount of crosslinker decreasd
where as the concentration of formaldehyde released into the 10% (v/v) aqueous
ethanol food simulant increase Again, theextent of the release depends othe
composition, reactivity and functioality of the crosdinkers. HMMM and the HBMM
contain etherified functional groups and are therefore thought to be less reactive during
curingthan arethe more reactive TMTBM and DBMB, both of which contain methylol

functional groys, (Jacobs, 1997

The crosdinker molecules were melamiro-formaldehyde or benzoguananon

formaldehydebased products A comparison of thee results with those presented in
Sections5.5 to 5.6 showsthat, there was muchessgenerationof formaldehyde than
there wasgeneration ofeither melamine or benzoguanamin&/hen this disparity was

investigated it was observed thasomeof the formaldehyde in the crodsker was lost
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during the curing of the coating$his point was confirmed by other studjelscussed in

Secton 6.15.

5.8. The effect of the amount of amino crodsker used in formulation

on the performance of epoxy coatings

The results from thenvestigaton of the effect of the crosslinker content of several
epoxy anhydride coatingsn the performance of the coatingare shown inFigure5.8-1

to Figure 5.8-10. All of the coatings were cured aR00 °C for 10 minutes.As a
consequence of varying the crelisker amount, the results are expressed in terms of
how muchmelaminewas released from the coatings, the percentageths crosslinker
that was hydrolysed, the effect on the thermal decomposition pattern andeffect on

the hardness of the coating films.
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Figure5.8-1: Unpigmented epoxy anhydride coatings containiaglifferent crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine and

HBMM: hexabutoxymethyl melamine
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Figure5.8-2: Unpigmented epoxy anhydride coatings containiagdifferent crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine and

HBMM: hexabutoxymethyl melamine

Based on the results ifrigure 5.81 and Figure 5.8-2, for the unpigmented epoxy
anhydride coatingsmelaminereleasefrom the coatings increasewith an increase in
the amount of crosdinker in the coating, even though the extent of hydrolysid mbt
change significantlywith variations in the crosknker content. This behaviour held true
for eachclass of the crosknkers Theslope of each graph and the extent of the release
depencded on the composition the reactivity andthe functionality of the crosdinkers. To
explain the contribution othe crosslinker chemistry on the release processgure5.8-2
could be considered as the normalised versionFggure5.8-1. This is because #igure

5.8-2, the differences in film thickness and solids content have been taken into account.

As shown irFigure5.8-2, hydrolysis of thecrosslinker component of the unpigmented
epoxy anhydridecoatings was dependent on the choice of the crlasker. Accordingly,
[Hydrolysis of HMMM croskinked coating] §Hydrolysis of HBMM crodmked coating]

> [Hydrolysis of TMTBM crebsked coating] HMMM and the HBMM contain etherified
functional groups and are therefore thought to be less reactive during curing compared
with the more reactive TMTBM and DBMB, bathwhich contain methylol functional
groups, (Jacobs, 1997 As a result, the TMTBM crebsked coating becomes less
susceptible to crosBnker hydrdysis because of greater crelasking and interlocking of

the coating.
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Figure5.8-3 shows that an increase in therosslinker content of the coatings up t@%
doesnot significantly change the thermal decomposition of the coatings. Similarly, such a
changedid not affect the hardness of the coatings. The above findings were found to be
true because the crodikers were used in small proportions and therefore the
amounts usedwvould probably havdittle or no effect on the thermal behaviour of the
coatingsor the extent of the hydrolysis. When the crebsker contents of the coatings

were increased, the hdness values of the coatings remeadat 117 +1 HU
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Figure5.8-3: Unpigmented epoxy anhydride coatings contamg different amounts of cross

linker (hexamethoxymethyl melamine, HMMM)

The results for the PWgigmented epoxy anhydride coatings are showrrigure5.8-4

to Figure5.8-6. Themelaminereleasefrom the coatings increaskewith an increase in the
amount of crosdinker in the coating, even though the extent of hydrolysid dot
change significantly with variatns in the crosdéinker content For the same reasons, the
release patterns and the conclusions drawn for the unpigmented epoxy coatings apply to
the PW2epoxy coatings except for the fact that there wiasserhydrolysis of cross

linker to melamine in th&W2pigmented epoxy anhydride coatings.
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Figure5.8-4: PW2pigmented epoxy anhydride coatings containirgdifferent crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamg and

HBMM: hexabutoxymethyl melamine
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Figure5.8-5: PW2pigmented epoxy anhydride coatings containirgdifferent crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyhelamine and

HBMM: hexabutoxymethyl melamine

Lesserhydrolysis ofthe crosslinker to melamine inthe PW2pigmented coatingghan
with the unpigmented epoxy anhydride coatings arises because of the catalytic activity of
TiG pigment particles used in forahation. This poinis consideredin detail in Section

5.14 Figure5.8-5 shows that thehydrolysis of the crosknker component of the PW2
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pigmented epoxy anhydride coatings was dependent on the choice of the-lon&ss.
Accordingly, [Hydrolysis of HMMM crelasked coating] = [Hydrolysis of HBMM cress
linked coating] > [H¥rolysis of TMTBM crodmked coating]. HMMM and the HBMM
contain etheified functional groups antherefore would be expectedo be less reactive
during curingthan the TMTBM and DBMB, both of which contain methylol functional
groups,(Jacobs, 1997 Asa result, the TMTBM crodmked coatings less susceptible to

crosslinker hydrolysis because of greater crdis&king and interlocking of the coating.
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Figure5.8-6: PW2-pigmented epoxy anhydride coatingsontaining different amounts of cross

linker (hexamethoxymethyl melamine, HMMM)

Figure5.8-6 shows that an increase in therosslinker content of the coatingsip to 2%
doesnot significantly change the thermal decompositibehaviourof the coatingsin
addition, such actiordid not affect the hardness of the coatingé/hen the crosdinker
content of the coatings wsincreased, the hahess values of the coatings ramed at
72 1 HU.This average value was less than that obtained foipigmented epoxy
anhydride coatings (117 HUWithout the TiQ pigment particles, a more cohesive

coating film would be achievedhenthe coatings were cured at the appropriateiring
temperature.

The resultsshownin Figure5.8-6 indicate thatthe decomposition patterns and the effect
of the crosdinker amountare consistent with the resultshat were obtained from the

unpigmented epoxy anhydride coatings showrfFigure5.8-3. Again, it is logical to state
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that the crosslinkers wereused insmall proportions and thereforethe amounts used
would probably havdittle or no effect on the thermal behaviour of the coatings on

the extent of the hydrolysisThe consistent behaviourof the unpigmented epoxy
anhydride coatings and the T#pigmented epoxy antdride coatingsn their melamine

releasearosebecauseboth coatingsconsist of the same binder chemistry.

The resultdrom the study ofthe effect of crosdinker amount on the behaviour of the

epoxy phenolic coatings are shownHigure5.8-7 to Figure5.8-9.
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Figure5.8-7: Epoxy phenolic coatings containiragdifferent crosslinker, HMMM:
hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymbyl melamine and HBMM:

hexabutoxymethyl melamine
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Figure5.8-8: Epoxy phenolic coatings containiregdifferent crosslinker, HMMM:
hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine attBMM:

hexabutoxymethyl melamine
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The results givemiFigure5.8-7 for the epoxy phenolic coatings show thaixcept for the
use oftrimethylol tributoxymethyl melamine TMTBMN), there was an increase in the
melamine release as the crebsker content of thecoatingswas increased.However
the hydrolysis of theTMTBM crosdinker to melamine follows the usual patterRelative
to the epoxy anhydride coatings anthe epoxy phenolic coatings, the significant
difference in terms of crostnker hydrolysis probaly arises from the different
chemical/reaction behaviour of thehenolicbindersand the epoxy binderduring curing

andin the pathwaysthat the hydrolyss follow.

In Figure5.8-8, the hydrolysis of the HMMM crodgked coatingis comparedwith the
hydrolysis of the HBMM crodmked coating. Both crodskers are of similar reactivity
and both contain etherified furctional groups. In SectioR.8.6 Figure2.8-32, HMMM

and the HBMMwere shown tohave comparable thermal behaviourhe lydrolysis of

the TMTBM crosknked coating was lesthan that achieved by the HMMM and the
HBMM crosdinked coatings. As explained in previous sections, the difference arises
because of difference in reactivity amongst the two sets of cliogers. TMTBM
containa more reactivemethylol functional groups,in comparison to the less reactive
etherified functionality of both the HMMM and the HBMNlacobs, 1997 As a result,

the TMTBM cros$inked coatingis less susceptible to cresker hydrolysis because of

the greater crosdinking and interlocking of the coating.
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Figure5.8-9: Epoxy phenolic coatings containing different amounts of crdisgker

(hexamethoxymethyl melamine, HMMM)
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Figure5.8-10: Hardness values from HMMM crodmked epoxy phenolic coatings that contain

different amount of the crosdinker

Contrary toobservations made with thepoxy anhydride coatings, themount of the
crosslinker in thephenolc coatingshas an effecton the overall residual solidsof the
coatingsand on thehardness of the coatingas showrin Figure5.8-9 and Figure5.8-10,
respectively.lt is likely thatthe crosslinkers are more compatible with the phenolic
binder composition then they were with the epoxy binder composition. It is therefore
likely that, in the epoxy phenolic coatings, an environment is created where the-cross
linkers are betterable to blend into the coatings,to participate beter in the
network/film formation andhave effecs ornlcontrol over the thermal behaviour and the

hardnessf the coatings

5.9. The effects of curing time and of curing temperature on the release

of melamine

The results obtained from the studies carried out to ascertain the effects of the curing
time on the amount of melaminéhat wasreleased fromthe epoxycoatings are shown

in Figure5.9-1 to Figure5.9-6. The curing temperature was 200

The overallresults show thatfor the coatings that were studied, melamimelease into

the 10% (v/v) aqueous ethan&od simulant in all cases, decreagavith increase in the

157



curing time. Quring the coatings for a longer timat the appropriate temperature
(200°C) would inducemore crosdinking/interlocking in the systengausingmelamine
releaseto be reduced.Therefore, to reduce melamine migratioroi epoxy coatings,
curingof the coatings in the oven falongerdurationis recommendedThe benefis of

increasing the curing timare further discussed ibection5.10
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Figure5.9-1: Unpigmented epoxy anhydride coatings containiaglifferent crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylatibutoxymethyl melamine and

HBMM: hexabutoxymethyl melamine
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Figure5.9-2: Unpigmented epoxy anhydride coatings containiaglifferent crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylolitrutoxymethyl melamine and

HBMM: hexabutoxymethyl melamine
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Figure5.9-1 and Figure5.9-2 show thatwhen the unpigmented epoxy anhydride coatings
were cured for adnger time,at the standard 20%C, boththe melamine release anthe
extent of crosslinker hydrolysis decrease accordinglyhe following pointswere

observed.

1 At each curing time, theequenceof the release of melamine andf the cross
linker hydrolysis wagHMMM crosslinked coatings] > HBMM crosslinked
coatings] > [TMTH crosslinked coatings]. TheIMMM crosslinked coatingsand
the HBMM crosdinked coatinggave asimilarhydrolysis decreaspattern. Thus,
they crosslink and hydrolyse through a similar pathw because both are

etherified amino crosdinkers.

1 The TMTBMcrosslinked coatings gavéess hydrolysis of crosinker because
during curing, agreater extent ofcrosslinking was achieved compared to when
HMMM armd HBMM crosdinkers were used. ie TMTBM contaia methylol
groupswhile the HMMM and HBMM both of which contain a less reactive ether

functionality,(Jacobs, 1997

The effects of the curingemperatureon the amount of melamine released frothe
PW2pigmented epoxy anhydrideoatings are lsown inFigure5.9-3 and Figure5.9-4. Al

of the coatings wereured at the standard 200C curing temperature.

6001 m HMMM (SE of slope: +0.23)
® TMTBM (SE of slope: + 1.28)
A HBMM (SE of slope: +0.18)

400{ & *— 4

A\—A
200 \

5 10 15 20
Curing time/ min

Melamine release/ (ug/6dm?)

Figure5.9-3: PW2pigmented epoxy coatings containing different crosslinker, HMMM:
hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine and HBMM:

hexabutoxymethyl melamine
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Figure5.9-4: PW2pigmented epoxy coatings containing different crosslinker, HMMM:
hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine and HBMM:

hexabutoxymehyl melamine

The overall release and hydrolysis behaviour of the Myhented epoxy anhydride
coatings (Figure5.9-3 and Figure5.9-4.) can be compared with the behaviour of their
un-pigmented counterparts(Figure5.9-1 and Figure5.9-2). Accordingly, the following

pointscan be clearly identiid:

1 There was overall lower release of melamine aaducedhydrolysis of the cross
linkers in the PWsigmented epoxy anhydride coatings compared to the
behaviour of each crodsker when each coating was formulated withotlte
TiQ pigment particles.Ckarly, this points to the benefit of using the 3iO
pigment in formulatios. In Section5.14, the consequences arising frortme
presenceof and the benefitfrom the pigment particlesare further investigated

and discussed.

1 Curing the coatings at thstated temperature for a longer p#god allows more
crosslinking. Thus, the longer theeriod for which thecoatings arecured, a
more interlocked structurewas achieved, making it more difficult for melamine
to be released during the retorting of the coatings in the 10% (v/v) aqueous

ethanol food simulant.

1 The TMTBMcrosslinked coatings gave lsshydrolysis ofthe crosslinker to

melaminethan did eitherthe HMMM crosdinked coatings or the HBMMross
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linked coatings. Dring curing, agreater extent ofcrosslinking reactionshould
be achieved compared to when HMMM and HBMM criskersare used. The
TMTBM contains methgl groups whereasHMMM and HBMM both contain a

less reactive ether functionalityJacobs, 1997

Figure5.9-5 shows the effect of an increase in curing time on the melamine release
behaviour ofthe selectedepoxy phenolic coatings-igure’5.96 shows a normalised
version of Figure 5.9-5, allowing comparisors to be made between the hydrolysis
tendenciesof each epoxy phenolicrosslinked coatingsystem to form melamine during

retorting at 13£C for 1 hour

® HMMM (SE of slope: + 0.48)
160! ® TMTBM (SE of slope: + 0.05)
A HBMM (SE of slope: + 0.22)
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Ai%ﬁﬁht&“‘““‘&=~“4

*———— o — P
5 10 15 20
Curing time/ min

Figure5.9-5: Epoxy phenolic coatings containiraydifferent crosslinker, HMMM:

1201

@
=

Melamine release/ (pg/Bdmz)

hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melame and HBMM:

hexabutoxymethyl melamine
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® HMMM
e TMTBM
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Figure5.9-6: Epoxy phenolic coatings containiregdifferent crosslinker, HMMM:

% Hydrolysis of cross-linker
to release melamine

hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine and HBMM:

hexabutoxymethyl melamine
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Figure 5.9-5 and Figure 5.9-6 indicate that an increase irthe curingtime of epoxy
phenolic coatings, at the standard Z2@curing temperature, has a minimal effect on the
amount of melaminghat is releasedand on the extent of crosdinker hydrolysis in the

coatings.

In Figure5.9-6, the hydrolysis pattern of the epoxy phenolic coatings was [Hydrolysis by
HBMM crosdinked coatingsk [Hydrolysis by HMMM crosdmked coatings] > [Hydrolysis
by TMTBM crosBnked coatings].This orderoccurredbecause of the differences in their

reactivityduring curing.

For the epoxy phenolic coatings that were studjien increase in the curing tienat the
standard curing temperaturédhad a limited effect on melamine release and on the
hydrolysis of the crosknkers Figure5.9-5 and Figure5.9-6. The data indicate thative
minutes curing might have beemsufficienttime for the coatings to achieve sufficient

crosslink density.

The effects of the curingetmperatureon the amount of melaminghat wasreleased
from epoxycoatings are shown iRigure5.9-7 to Figure5.9-12. All of the coatings were

cured for 10 minutes.

B HMMM (SE of slope: + 1.81)
® TMTBM (SE of slope: + 1.01)
A HBMM (SE of slope: +2.47)

[(e}
o
o

600-

300

Melamine release/ (pg/6dm2)

o

160 ' 200 | 240
Curing temperature/ °C
Figure5.9-7: Unpigmented epoxy anhydride coatings containiaglifferent crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine and

HBMM: hexabutoxymethyl melamine
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Figure5.9-8: Unpigmented epoxy anhydride coatings containiaglifferent crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine and

HBMM: hexabutoxymethyl melamine

Forthe unpigmented epoxy anhydride coatingsgure5.9-7 and Figure5.9-8 showthat

the curing temperature is a factor in affecting the amount of melamine that was released
from the coatings and the extent of creksker hydrolysis in the coatingg.he higher the
curing temperature, the better the results were with respect to lowering the release of
melamine from the coatings, after retorting ithe 10% (v/v) aqueous ethanol food

simulant

Figure5.9-7 is the normalised version dfigure5.9-8. This shows thathe hydrolysis
pattern of the unpigmented epoxy anhydride coatings was found to be [Hydrolysis by
HBMM crosdinked coatings} [Hydrolysis by HMMM crodmked coatings] > [Hydrolysis

by TMTBM crosknked coatings].Thishydrolysis pattern andequenceof hydrolysis by

the HMMM crosdinked coatings and the HBMM crefisked coatings arises because of
their similar chemistry,their similarcuring mechanism antheir similarreactivity. The

TMTBM crosdinked coating was the most resistant¢oosslinker hydrolysis.
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Figure5.9-9: PW2-pigmented epoxy anhydride coatings containiradifferent crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine and

HBMM: hexabutoxymetlyl melamine
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Figure5.9-10: PW2-pigmented epoxy anhydride coatings containiragdifferent crosslinker,
HMMM: hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine and

HBMM: hexabutoxymethyl melamine

Figure 5.99 and Figure 5.9-10 show that for the RV2-pigmented epoxy anhydride
coatings, the release of melamine and the extent of cilodser hydrolysis were reduced
when the curing temperature was increased in stages from°@6@ 240C for the

standard 10 minutes curing tim@verall, the resultshow that:
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1 ThePW2pigmented epoxy anhydride coatingswve lower release of melamine
than isreleased by uspigmented epoxy anhydride coatingshe fact thatthe
coatings were formulated and applied tine same manner to allowomparisors
to be made,shows that the TiQ pigment helped to reduce the amount of
melamine that the coatings releageIn Section5.14, the role played by the

pigment particless further discussed.

1 Figure5.9-10 shows thathe TMTBMcrosslinked coatings gave less hydrolysis of
crosslinker to melaminethan did the HMMM crosdinked coatings or the
HBMM crosdinked coatings. During curing,gaeater extent ofcrosslinking was

achievedthan when HMMM and HBMM crodskers were used

The effects of the curingemperatureon the amount of melaminghat wasreleased
from epoxyphenolic coatingsare presentedin Figure5.9-11. The effects of the curing
temperature on the hydrolysis of the crelisker components of the same coatings are
given inFigure5.9-12. Figure5.9-12 is a normalised form oFigure5.9-11. This allows

comparison of performance to be made across the coatings that were studied.

—_—

2

2407 m  HMMM (SE of slope: + 17.02)

® TMTBM (SE of slope: + 17.41)
A HBMM (SE of slope: +37.82)
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Curing temperature/ °C

Figure5.9-11: Epoxy phenolic coatings containiraydifferent crosslinker, HMMM:
hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine and HBMM:

hexabutoxymethyl melamine
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Figure5.9-12: Epoxy phenolic coatings containiraydifferent crosslinker, HMMM:
hexamethoxymethyl melamine, TMTBM: trimethylol tributoxymethyl melamine and HBMM:

hexabutoxymethyl melamine

Fromthe data given inFigure5.9-11, Figure5.9-12 and the other figuregpresentedin

this Section, the folloimg discussion pointarise

1 The temperatureof curinghas aneffect of on the amount of melamine thais
released from thecoatings, after retorting ina 10% (v/v)aqueousethanol food
simulant This part of the total studyasestablisted that curingthe coatings at
temperature that is greaterthan the commercially use®0(°C, for 10 minutes,

would give a routeto loweringthe extent of melamine release

1 The results indicatehat the crosdlink density of the coatings iscreasedwith an
increa® inthe curing temperaturemaking it more difficult for any melamirte
be geneated and so migrate When cured at 16 (40C lower than the
industrial standard), the required cro$isk density iswould not be achieved,
makingsubsequentmelamine migration from the coating more likelijhis point

is further discussed in Sectié&nlO.

1 The extent of the hydrolysis depends on the type of cilodser thatis used irthe
formulation. The TMTBMcrosslinked coatings gave lesydrolysis of crosdinker
to melaminethan didthe HMMM crosdinked coatings or the HBMM creieked

coatings.
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