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Preface

The migration of substances from packaging to food is one of the main concerns
associated with food contact materials (FCM) for food safety authorities, and pack-
aging materials constitute a potential source of contaminants to which the con-
sumer will be exposed to through their diet.

These contaminants comprise a wide variety of chemical compounds such as
phthalates and plasticisers, bisphenol A (BPA) and photoinitiators, among others,
and for some of them there is evidence of adverse effects on health.

This book provides an overview of the main packaging contaminants, and par-
ticular attention is paid to the chemical aspects and analytical methodologies for
their determination.

The first part includes Chapter 1, which presents a brief introduction to chemi-
cal migration. The second part is composed of six chapters; Chapters 2–5 are de-
voted to BPA, melamine, phthalates, and other plasticisers and photoinitiators,
respectively. Chapter 6 reviews other chemical substances that can originate from
FCM, including perfluorochemicals, saturated and aromatic hydrocarbons (mineral
oil saturated hydrocarbons and mineral oil aromatic hydrocarbons) from mineral
oils, other bisphenol-related compounds, nanoparticles and primary aromatic
amines; and Chapter 7 focuses on nonintentionally added substances. The final part
includes Chapter 8 that deals with the estimation of exposure to migrants from FCM.

https://doi.org/10.1515/9783110648065-201
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1 Introduction

Packaging plays an essential role protecting food from chemical contamination
and microbial spoilage [1–3]. However, from a food safety point of view, the
main concern associated with packaging is the chemical migration of harmful
substances from the packaging into the food, which could constitute a risk to
consumer health [1]. Migration is a mass transfer phenomenon where the sub-
stance transferred from the packaging to the foodstuff is called the migrant. This
process obeys Fick’s laws of diffusion and depends upon several factors includ-
ing: type of material, nature of food, physico-chemical properties of migrant,
time and temperature of contact and so on [1, 4–6]. The key parameters of the
migration process are the diffusion and partition coefficients. The partition coef-
ficient (KP/F) represents the relative solubility of the migrant between the poly-
mer and the food once equilibrium is reached. Hence, values of KP/F > 1 indicate
that the concentration of the migrant is greater in the polymer than in the food.
On the other hand, the diffusion coefficient describes the kinetics of the migra-
tion [7–9].

Special attention has been paid to low molecular weight substances since it is
generally accepted that high molecular weight compounds (> 1,000 Da) are not ab-
sorbed through the gastrointestinal tract [10]. In addition, chemical migration can
also negatively affect the quality of the packed food and modify the organoleptic
properties [1].

The experimental determination of migration is laborious, time-consuming and
expensive due mainly to the complex chemical composition of food and the low
concentrations of migrants detected in the foodstuffs. In order to avoid these ana-
lytical difficulties, different tools for the theoretical prediction of migration have
been developed [4].

To guarantee a high level of health protection, the safety of food contact materi-
als (FCM) should be subject to regulatory control. In this context, the Commission
of the European Communities has issued regulations concerning the materials in-
tended to be in contact with food. The Framework Regulation (EC) 1935/2004 [11] is
applied to all materials and articles intended to come into contact with food. Article
3 of this regulation establishes the general requirements:
1. “Materials and articles, including active and intelligent materials and articles,

shall be manufactured in compliance with good manufacturing practice so
that, under normal or foreseeable conditions of use, they do not transfer their
constituents to food in quantities which could: (a) endanger human health,
(b) bring about an unacceptable change in the composition of the food or
(c) bring about a deterioration of the organoleptic characteristics thereof.

2. The labelling, advertising and presentation of a material or article shall not mis-
lead consumers.”

https://doi.org/10.1515/9783110648065-001
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Annex I of this regulation lists the groups of materials and articles that may be
covered by specific measures including: active and intelligent materials and
articles, adhesives, ceramics, cork, rubbers, glass, ion-exchange resins, metals and
alloys, paper and board, plastics, printing inks, regenerated cellulose, silicones,
textiles, varnishes and coatings, waxes and wood.

Plastics are one of the most widely used materials by the food packaging indus-
try. Commission Regulation (EU) No 10/2011 [12] on plastic materials and articles
intended to come into contact with food includes the European positive list of
monomers, additives and other starting substances authorised in the manufacture
of plastic FCM, as well as their restrictions, for example, the specific migration
limit, and so on.

A huge variety of substances could potentially be present in packaging materi-
als and consequently can migrate into food. Different analytical techniques, partic-
ularly chromatography, both liquid and gas coupled to mass spectrometry, for the
determination of migrants have been successfully applied. At present, the develop-
ment of analytical methods for the identification of nonintentionally added sub-
stances (NIAS) constitutes one of the current challenges in food packaging research
[13–15].

In this book, the main packaging contaminants including: phthalates and plas-
ticisers, photoinitiators, Bisphenol A, perfluorochemicals, primary aromatic amines
and NIAS, among others are reviewed, and special emphasis is paid to the chemical
aspects and analytical methodologies for their determination.
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2 Bisphenol A

2.1 Introduction

Bisphenol A (BPA) is an organic compound that consists of two phenol molecules
bound by a methyl group and two methyl radicals [1].

BPA was first synthesised in 1891 by a Russian chemist Alexander P. Dianin via a
condensation reaction of two phenol molecules and one acetone molecule (hence, the
suffix ‘A’ in its name) in the presence of a catalyst such as hydrogen chloride or an
ion-exchange resin. In 1930, BPA was analysed during investigations of synthetic oes-
trogen [2].

Nowadays, there are two methods for the manufacture of BPA: the acid-
catalysed condensation of phenol and acetone using distillation technology, or
with a different catalyst using purification technology [3].

BPA shows good solubility in fats, but is a moderately water-soluble compound
at ambient temperature. Based on the octanol–water partition coefficient, BPA has
modest capacity for bioaccumulation, which occurs only at high doses [1]. The
physicochemical properties of BPA are shown in Table 2.1.

Table 2.1: Physical and chemical properties of BPA [1, 3].

Common name (acronym) Bisphenol A (BPA)

CAS number --

Molecular formula CHO

Chemical structure
HO OH

Appearance White crystalline, granules and flakes solid

Molar weight (g/mol) .

Melting point (°C) 

Boiling point (°C)  (at . kPa)

Water solubility (g/m) – (at  °C)

Vapour pressure (Pa) . × 
−–. × 

−

(continued)
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2.2 Uses

Currently, BPA is one of the chemicals most commonly produced and used in indus-
tries [2, 3]. BPA production has been constantly growing due to high global demand
[1]. It commonly appears in several products that are used every day by consumers,
for example, in food packaging [2, 4].

Prior to the last decade, the majority of industrially produced BPA was used as
a monomer or a starting substance in the manufacture of plastic materials (95%), in
particular, the production of polycarbonate(s) (PC) plastics (infant feeding bottles,
tableware, microwavable items, ovenware, food and drink storage containers, re-
turnable water and milk bottles, and water supply pipes), and is the second largest
outlet of epoxy resin manufacturing (used as a protective lining of the inner surface
of food and beverage cans, metal lids for glass jars and bottles, and drinking water
storage tanks and wine vats) [5].

PC is a thermoplastic polymer widely used due to its mechanical properties,
such as transparency, low weight, easily worked, high impact resistance, low mois-
ture absorbency, and good dimensional and thermal stability [6–8]. The production
of PC is based on the reaction between the monomer of BPA and phosgene gas (car-
bonyl chloride), which is carried out in the presence of sodium hydroxide to form
carbonate bonds in the polymer [7].

Epoxy resins are used as an internal protective liner in metal cans in order to
protect the metal from corrosion and food from metal contamination to maintain
the quality of canned food and beverages [2, 6].

Moreover, BPA is used as an additive for flame-retardant materials, unsaturated
polyester resins, and polyacrylate, polyetherimide and polysulfone resins [5]. BPA
is also employed as a stabilising material or an antioxidant in the processing of
plastics such as polyvinyl chloride, commonly used in household food storage
items such as transparent films; it is also found in recycled paper and paperboard
used for food packaging, probably due to its use in printing inks [2, 9–11]. The use
of plastic materials for food contact products is regulated; however, paper and pa-
perboard (recycled or not) are not currently subject to regulation [10].

Recently, BPA has also been used in digital media, electrical and electronic
equipment, medical tools, and dental composites and sealants [3, 9]. Moreover,

Table 2.1 (continued)

Common name (acronym) Bisphenol A (BPA)

pKa .–.

Octanol–water partition coefficient log(KOW) .–.
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BPA has been detected in saliva from patients treated with BPA diglycidyl ether-
based dental sealants [6].

2.3 Toxicity

BPA has been found in the urine of more than 90% of the US population, with
higher levels in infants and children than in adults, so this compound presents
a particular concern [12].

The health concern of exposure to BPA is a result of it belonging to a group of en-
docrine disrupting chemicals or xenoestrogens, substances that are capable of interfer-
ing with endocrine functions and disrupting the hormone balance. BPA affects the
oestrogenic system and is also able to disrupt the functions of various hormones, in-
cluding androgens, prolactin, leptin, insulin and thyroid hormones [2]. The oestrogenic
activity of BPA was first discovered in 1993 [5]. Its chemical structure, which is similar
to the natural oestrogen 17-β-oestradiol, allows it to fit into the oestrogen receptor be-
having like an endocrine disrupter [13]. However, it should be noted that the affinity of
BPA towards nuclear α- and β-oestrogen receptors was over 10,000- to 100,000-fold
weaker in comparison to 17-β-oestradiol, so it is considered to be a weak oestrogen [5].

BPA is a noxious compound that has been related to a wide range of adverse
health effects. Human exposure to BPA during various life stages has been associated
with certain cancers, including mammary gland and prostate cancers; metabolic disor-
ders such as obesity and insulin-resistant diabetes (type 2); neurobehavioural problems
like autism and attention-deficit hyperactivity disorder; abnormalities in reproductive
organs (a decrease in semen quality in men and earlier puberty in females) and heart
diseases (heart attacks, coronary heart disease and angina) [2, 3, 8, 12, 14].

The oral intake of contaminated food appears to be the predominant route of
exposure for humans, while inhalation and dermal contact may constitute the sec-
ondary exposure sources, particularly for workers employed in its synthesis [1].
Contamination with BPA may occur during production, processing, use, removal or
recycling operations of end products containing BPA [15].

Contact with the skin can cause allergy symptoms and contact-dermatitis symp-
toms, whereas the inhalation of elevated BPA concentrations may cause altered me-
tabolism [2].

The acute toxicity of BPA is relatively low and it is classed as a group 3 substance
according to the International Agency for Research on Cancer classification, meaning it
is ‘not classifiable as to its carcinogenicity to humans’ [1]. However, BPA has caused
most concern because it exhibits oestrogenic activity even at low levels, particularly at
sensitive life stages (foetuses, infants and young children) [1, 9]. The most critical pe-
riod of BPA exposure is during foetal development due to low body weight and imma-
ture organ systems, which means they have an increased sensitivity to BPA and the
alterations tend to be irreversible by interfering with organogenesis and histogenesis

2.3 Toxicity 7
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[13, 16]. In addition, it has been found that BPA is able to cross the placenta in humans,
which leads to foetal exposure to unsafe levels of BPA [12, 17]. Maternal exposure to
BPA has been associated with second-generation health risks such as genital malfor-
mations, testicular abnormalities, impairment in fertility or sexual function [18].

The tolerable daily intake set by the European Union (EU) Commission and the
reference dose of BPA established by the Environmental Protection Agency is
0.05 mg/kg body weight/day. This value is obtained by applying a 100-fold uncer-
tainty factor to the nonobserved adverse effect level of 5 mg/kg [5, 19].

In 2015, the European Food Safety Authority reported in Scientific Opinion that
the risk to public health, in relation to the presence of BPA in foodstuffs, was
a temporary tolerably daily intake of 4 µg/kg body weight/day based on new mean-
ingful data on toxicokinetics [15, 19].

2.4 Metabolism

In humans, orally administered BPA is rapidly absorbed from the gastrointesti-
nal tract. An intensive biotransformation of BPA then takes place in the liver
where it is conjugated with glucuronic acid via uridine diphosphate (UDP)-
glucuronosyltransferase in an efficient first-pass metabolism [20]. The main
protein isoform of UDP-glucuronosyltransferase responsible for BPA glucuroni-
dation in humans is UGT2B15 [16]. The formed BPA glucuronide is rapidly de-
livered to the blood to reach the kidneys, where it is rapidly and completely
excreted in urine (a body fluid sample appropriate for assessment of BPA ex-
posure) within 24 h of administration [20].

The highly water-soluble BPA glucuronide is the major metabolite of BPA, which
is biologically less active than free BPA due to its inability to bind to the oestrogen
receptor [20]. However, BPA glucuronide becomes deconjugated by β-glucuronidase,
an enzyme present in the human liver, spleen, kidneys, intestine, lung, muscles and
serum, resulting in higher plasma levels of BPA in the active form [16]. The other
minor metabolites of BPA can be formed by saturation of the glucuronidation
pathway when higher doses of BPA are administered. In humans, studies suggest
that enterohepatic circulation does not occur [20].

Due to the lipophilic character of BPA, it may accumulate in solid tissues and
exert a very important effect on fat tissue, where the regulation of various metabolic
processes occurs and plays an important role as an endocrine organ in humans [2].

Plants and microorganisms are also capable of transforming BPA to metabo-
lites with lower or higher toxicity and oestrogenicity. For example, two bacterial
strains, such as Pseudomonas sp. and Pseudomonas putida, exhibited the high-
est BPA degradation ability. It has been shown that methylated derivatives
exhibited stronger toxicity, while nitro- and dinitro-derivatives exhibited lower
toxicity [2].

8 2 Bisphenol A
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2.5 Regulation in food contact materials

The use of BPA as a monomer or a starting substance in the manufacture of plastic
materials intended to come into contact with foodstuffs is currently permitted with
a specific migration limit (SML) of 0.6 mg/kg, which was set by the EU Commission
[5, 11, 19]. However, in 2010, Canada was the first country to ban the importation,
sale and advertising of PC baby bottles to reduce the exposure of infants and new-
borns to BPA [2, 14]. Thus in 2011, the European Commission (EC) restricted the use
of BPA in relation to the manufacture of PC infant feeding bottles, and recom-
mended no exposure of infants, young children, and pregnant and breastfeeding
women to BPA because they are the most susceptible populations [2, 21]. This re-
striction was not based on any evidence of adverse effects from BPA, and was im-
posed only for reasons of consumer protection [15].

Recently, the EC has published a draft on the use of BPA in varnishes and coat-
ings intended to come into contact with food, establishing an SML of 0.05 mg of BPA
per kg of food but in those materials intended to come into contact with infant for-
mula, follow-on formula, processed cereal-based food, baby food or food for special
medical purposes developed to satisfy nutritional requirements and young children,
its migration should not be detectable. Furthermore, this draft amended Regulation
(EU) 10/2011 with regard to the use of BPA in plastic food contact materials (FCM)
changing the SML from 0.6 to 0.05 mg of BPA per kg of food or not detected in plastic
materials and articles specifically intended to be brought into contact with food for
infants and young children [22].

In 2013, the US Food and Drug Administration ruled that BPA-based epoxy res-
ins would no longer be used as coatings in the packaging of infant formula because
its use had been abandoned by industry [15]. Since then, several components have
been employed as substitutes to produce those items, for example, bisphenol S [2].

In relation to BPA legislation in developing countries, only South Africa,
Brazil, Colombia and South Korea have some legislation against the use of BPA in
FCM [15].

2.6 Bisphenol A in food

Food packaging allows food to be stored at different temperatures, increases its
shelf life, enables safe transportation from the point of production to the point of
consumption and safeguards foods from natural agents, such as air, that can alter
their quality [23]. However, it should be noted that most of these materials are com-
plex substances and are not inert [24]. Plastics are the most commonly used mate-
rial in food packaging, in combination with various additives that are used to
improve certain characteristics such as elasticity, flexibility, colour, resistance, du-
rability and so on [15, 23].

2.6 Bisphenol A in food 9
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Its presence in food and beverages is of particular concern because it constitutes
the main route of exposure of the general population to BPA. Human exposure to
BPA through the alimentary canal was estimated to be between 0.48 and 1.6 µg/kg
body weight/day. BPA may be released from PC and epoxy resins used as food and
beverage containers [2].

There are two possible origins for BPA to leach from PC products: migration of
the residual BPA-free monomer resulting from incomplete polymerisation, which is
a negligible contribution; or degradation of the polymer itself, which is the predom-
inant mechanism responsible for BPA release from the polymer surface [6, 17, 25].
Degradation of the polymers can be accelerated at high temperatures (e.g., retain-
ing boiling water inside or heating in the microwave), repeated use or under the
acidic/basic conditions by hydrolysis of the ester bond that binds BPA molecules
and increasing the d-spacing of PC [1, 3, 6, 23, 25, 26].

It was reported that dishwashing, boiling, brushing and the ageing of the bottle
could lead to polymer degradation, resulting in an increase of the release of BPA.
Dishwashing may increase BPA release while the detergent is in contact with the PC
and the ageing of the bottle can increase BPA release due to increasing the wettabil-
ity of the bottle wall [8, 25].

PC can also be degraded by aminolysis, as amines could act as a catalyst in the
depolymerisation process, resulting in the release of BPA. These amines can be nat-
urally present in almost all foods, such as fish, meat, vegetables, fruit, wine,
cheese, beer and also milk [4, 25].

Several authors suggest that BPA concentrations are significantly higher in
canned food compared with BPA levels in fresh food (noncanned), so eating food
with limited food packaging can result in a substantial reduction in the exposure to
BPA [2, 27]. Generally, the concentration of BPA is usually higher in canned fruits,
vegetables, fish and meats; and lower concentrations are usually found in baby
foods and liquid foods such as milk and dairy products, soft drinks and sauces [28].
However, BPA has also been found in noncanned foods as a result of BPA migration
from the packaging paper and/or contamination during its production [26].

2.7 Background contamination

Laboratory contamination of BPA can occur easily as BPA can be considered nowa-
days as an ubiquitous chemical in the environment.

Contamination mainly arises from the materials involved in sample treatment,
such as glassware or plasticware. In general, to prevent this contamination some
precautionary measures are used, for example, baking glassware for 4 h at 400 °C
and washing all other materials with solvents prior to use.

BPA have been found in some solvents like ultrahigh quality (Milli-Q®) water
due to plastics and epoxy resins present in the water-purifying equipment. This
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contamination was removed by filtering the water through a hydrophobic mem-
brane (EmporeTM disk).

Solid-phase extraction (SPE) cartridges can also cause BPA contamination,
probably derived from the manufacturing process or from the adhesive used to fix
the needle in the syringes. These contamination sources can be effectively pre-
vented by prewashing the cartridges with at least 15 mL of methanol or using
a peristaltic pump with Viton® tubes from DuPont [5].

2.8 Sample preparation

Owing to the complexity of food samples, an extensive sample preparation is often
required prior to BPA determination, including pretreatment, extraction, clean-up,
concentration and sometimes derivatisation reactions [5]. Sample treatment allows
enhancing the sensitivity of the method and reduces the interference of other com-
pounds [3].

Generally, solid samples are usually first homogenised, while liquid samples
are filtered and/or centrifuged. Depending on the matrix composition, other special
treatments can be performed, for example, carbonated beverages have to be de-
gassed by sonication and samples with high protein content may require its re-
moval by precipitation. On the other hand, lipids can significantly reduce the
analytical performance by affecting the active surface of the stationary phase in liq-
uid chromatography (LC), and in gas chromatography (GC)–mass spectrometry
(MS), lipids can also accumulate in the injection port, column and/or ion source.
So, fatty samples require the removal of fat via several approaches, for example,
liquid–liquid extraction (LLE) with n-heptane, trimethylpentane and n-hexane or
by freezing the lipids in the extract followed by filtration [5].

Solvent extraction and SPE are the most widely used techniques for the isola-
tion of BPA from solid and liquid samples, respectively, due to their simplicity and
wide-ranging applicability [5].

Solvent extraction is still the most frequently employed technique for the ex-
traction of BPA from solid foodstuffs. The selection of the most suitable solvent is
based on the physicochemical properties of the analyte of interest and the charac-
teristics of the matrix. So, acetonitrile is the solvent most commonly used for the
extraction of BPA in solid foods, although other solvents like acetone, methanol
and ethanol may also efficiently extract BPA. In the case of liquid foodstuffs, LLE is
a technique also used, although to a lesser extent than SPE, using solvents such as
ethyl acetate, chloroform and dichloromethane (DCM). Several extractions are nor-
mally carried out to achieve the complete isolation of BPA [5].

SPE is the main technique used for the extraction of BPA in liquid foodstuffs
and often requires the clean-up of extracts after solvent extraction. SPE offers some
advantages in comparison with LLE, for example, higher selectivity and lower
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solvent consumption; however, SPE is more tedious because it usually requires
extra clean-up steps due to small particles present in the sample extracts that can
lead to low recoveries and irreproducibility by adsorption of analytes or clogging.
There are different types of sorbents for BPA extraction and its selection depends
on its properties (moderately polar character and the presence of hydrogen accep-
tor/donor groups) and the type of food matrix:
– Nonselective sorbents: the divinylbenzene/N-vinylpyrrolidone (NVP) copolymer

has been the most used sorbent in the isolation of BPA because on the one
hand, the hydrophilic NVP copolymer permits good wettability of the sorbent
and acts as a hydrogen acceptor, and on the other hand, the hydrophobic di-
vinylbenzene polymer provides reversed-phase retention for BPA. Nevertheless,
it is proven that the use of polystyrene–divinylbenzene sorbents does not
improve recoveries despite offering hydrophobic and π–π interactions for the
retention of BPA [5].

– Selective sorbents: these are highly selective SPE sorbent materials designed
for the determination of trace levels of a single analyte or a type of structurally
related compound, performing extraction and clean-up in one step. It must be
borne in mind that the development of these materials is time-consuming, com-
plex and expensive [5].

– Restricted access materials: these materials permit online clean-up/extraction
and act as a barrier that excludes macromolecules like proteins, while low mo-
lecular mass analytes are retained by conventional mechanisms, either by
physical diffusion barriers (pore diameter) or by a chemical barrier (hydropho-
bic, ionic or affinity interactions) [5, 29].

– Immunoaffinity columns (also called immunosorbents): these columns are
composed of antibodies that can be physically entrapped in the pores of a silica
network or covalently bound to a solid support material, which is the most
commonly used method. However, immunosorbents produced by immobilisa-
tion of the antibodies in the pores of a sol–gel generated silica matrix have sev-
eral advantages including they are simpler, cheaper, more versatile, reusable
and they have higher storage stability [5, 30]. The main drawbacks of this tech-
nique are the high cost to produce the antibodies, the short life of columns and
food samples have to be treated to make them compatible since organic sol-
vents can cause irreversible denaturation of antibodies [5].

– Molecularly imprinted polymers (MIPs): these are synthetic polymers with molec-
ular recognition ability for a specific analyte or a group of structurally related
species. MIPs are synthesised from functional monomers (e.g., methacrylic acid,
acrylamide and 4-vinylpyridine) assembled around a template molecule, with
a chemical structure similar to the target molecule, and polymerised in the pres-
ence of a cross-linker (e.g., ethylene glycol dimethacrylate and trimethylolpro-
pane trimethacrylate) and a suitable solvent [5, 31]. The elimination of the
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template molecule then gives a cavity with size, shape and chemical functional-
ity complementary to the target molecule [32]. MIPs offer some advantages such
as high chemical stability and resistance against organic solvents, strong acids
and bases and heating; they are low cost and easy to synthesise, they permit the
use of larger sample volumes and are reusable [5].

Other less used extraction techniques, such as microwave-assisted extraction
(MAE), pressurised liquid extraction (PLE), solid-phase microextraction (SPME) and
stir-bar sorptive extraction (SBSE), are capable of improving the isolation and
clean-up steps in terms of sample size, sample handling reduction, automation, sol-
vent consumption and analysis time. Matrix solid-phase dispersion (MSPD) has the
potential to simplify the extraction of solid samples [5].

MAE is a technique that is based on the application of microwave energy to the
sample during extraction, which allows it to be agitated and heated quickly. It is
a good alternative to solvent extraction from solid and semisolid food samples be-
cause it has the advantage of achieving good extraction efficiencies, saving solvent
and time [5].

PLE, also known as accelerated solvent extraction, combines elevated temper-
atures (40–200 °C) and pressures (1,000–2,500 psi) with liquid solvents. Under
these conditions, solvents have enhanced solvation power and this enables fast
and efficient extraction rates. Optimisation of the extraction process for PLE gener-
ally includes choosing the most appropriated solvent type, temperature and pres-
sure. The solvents used for BPA extraction have been DCM for meat, methanol for
cereals and acetone-n-hexane (1:1, v/v) for fish liver [5].

SPME is based on the distribution of a target analyte which is governed by its
affinity between a fused silica fibre coated with an appropriate stationary phase
and the sample [33]. The extraction can be performed by suspending the fibre in the
vapour phase above the liquid sample [headspace (HS)–SPME], which allows the
extraction of volatile or semivolatile compounds from foods; or by direct immersion
(DI)–SPME, which needs a thorough clean-up because the reproducibility and ro-
bustness of the fibre can be affected by adsorption of other matrix components or
clogged by particles. The desorption step can then be carried out thermally by ex-
posing the fibre in the hot injection port of a GC, or chemically in an organic solvent
coupled with LC. Different stationary phases were assessed for the extraction of
BPA by DI–SPME with the best results achieved using the more polar fibres [5].

SBSE was introduced in 1999 as a sample preparation technique that minimised
the use of organic solvents. It could be described as a microextraction method, where
the analyte is preconcentrated on a stir bar coated with a polydimethylsiloxane
(PDMS) phase. Nonpolar PDMS is the most appropriate available polymer; hence, the
application of SBSE to polar and semipolar compounds requires an additional deriva-
tisation step before extraction, such as acetylation and silylation [34]. The stir bar can
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be immersed into the liquid sample or held in the HS for the extraction of volatile or
semivolatile compounds. The removal of analytes from the bar is then achieved by
GC thermal desorption or by elution with a solvent when coupled with LC. Another
stationary phase for SBSE based on PDMS/β-cyclodextrin allows the extraction of
BPA as the cyclodextrin presents a high number of functional hydroxyl groups which
enable an increased recovery of polar compounds [5, 35].

MSPD is a sample preparation procedure suited to the extraction of solid, semi-
solid and/or highly viscous food that allows simultaneous extraction and clean-up,
which results in reduced solvent use and time. In this technique, the sample is
mixed with a sorbent (C18-bonded silica, sodium sulphate or diatomaceous earth),
followed by washing with a solvent or packaged into an SPE column before elution
[5, 36].

Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) is a recently devel-
oped extraction technique for food analysis based on a first step of solvent extraction,
with acetonitrile and partitioning with magnesium sulphate (alone or in combination
with other salts), followed by a second clean-up step using dispersive SPE with the
aim of eliminating possible interfering compounds [21, 37]. Its advantages include
simplicity, effectiveness, low solvent consumption (resulting in low costs), extraction
speed, flexibility and selectivity [21].

2.9 Analytical methods

The determination of BPA in food products requires the use of highly sensitive and
selective techniques due to the low levels at which it is frequently found and the
complexity of food matrices. Although the SML set by the EU Commission is rela-
tively high (0.6 mg/kg), the reported low dose effects of BPA has necessitated the
development of analytical methods with a limit of detection low enough to assess
the risk of human exposure at these levels [5]. Presently, BPA is mostly analysed
using chromatographic methods such as LC–fluorescence detection (FLD), LC–MS
and GC–MS. LC offers the advantage of simplicity since GC requires a time-
consuming derivatisation step due to the polar nature and inadequate volatility of
BPA for direct analysis, hence introducing new sources of error [3, 5, 33].

LC of BPA is generally carried out using reversed-phase C18 columns. The com-
position of the mobile phase varies depending on the type of detection, for exam-
ple, water and acetonitrile are most commonly used for FLD, while water and
methanol are preferred for MS methods [5, 7]. LC is usually performed at room tem-
perature but high temperatures (up to 40 °C) are sometimes employed because they
allow reduced analysis time and increased reproducibility. The run time usually
ranges between 15 and 40 min [5]. Some LC methods developed for the analysis of
BPA are described in Table 2.2.
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BPA exhibits native fluorescence with an excitation wavelength at 275 nm and
an emission wavelength at 305 nm. The identification of BPA in the sample is based
on the retention times, so the possibility of interferences from other fluorescent mi-
grants present in the sample that appear simultaneously at the same retention time
should always be considered because they may produce false-positives. To over-
come this, later confirmation using LC–MS or GC–MS has sometimes been em-
ployed [5].

MS allows the determination of a certain analyte by the selection of specific
ions or transitions. In comparison with FLD, MS offers higher confidence in peak
identification as it is based on the mass spectrum. Suitable sample preparation is
necessary as the presence of matrix components can affect the ionisation effi-
ciency and produce background noise. The analysis of BPA by LC–MS can be car-
ried out using different types of ionisation sources: atmospheric pressure
ionisation interfaces, namely electrospray ionisation (ESI) or atmospheric pres-
sure chemical ionisation, both in negative mode. Between the two, ESI is more fre-
quently used because it generally provides better sensitivity. The response of
ESI–MS for the determination of’ BPA is strongly influenced by the mobile-phase
composition; it has been found that methanol–water gives a higher response for
BPA than acetonitrile–water owing to the lower boiling point of the former, which
favours the desolvation of the electrospray droplets. The response using
acetonitrile–water can be increased upon the addition of modifiers, such as 0.5%
and 0.01% of ammonia or 0.01% of acetic acid [5].

Independently of the type of ionisation source, the most abundant ion in the BPA
mass spectrum, which is used for quantitation purposes, is [M–H]− m/z 227. In
LC–tandem MS (MS/MS), for confirmation and quantification of BPA, one or more
MS/MS transition reactions of the precursor ion m/z 227 are monitored. For example,
transition m/z 227 > 211 is related to the additional loss of oxygen [M–H–O]−,
transition m/z 227 > 212 (the most prominent product ion obtained) is related to the
additional loss of a methyl radical [M–H–CH3]

•−, transition m/z 227 > 113 (using aceto-
nitrile – 0.01% ammonia in water as the mobile phase) is related to the additional
loss of both acidic protons [M–2H]2−, transition m/z 227 > 133 results from the addition
cleavage of a phenol group [M–H–C6H5OH]

− m/z 133 and transition m/z 227 > 93 is
formed by the additional loss of hydroxyphenyl propyl [M–H–C9H10O]

− [5].
Most MS methods include the addition of an internal standard to compensate for

the potential loss of analyte during sample preparation, matrix effects and for any
variation in instrument performance [3, 5]. In the case of the most common internal
standard, BPA–d16 (molecular mass 244), the most abundant ion in the mass spec-
trum, is m/z 241 {[(M–D2+H2)–H]

−}, owing to the transformation into BPA–d14 (molec-
ular mass 242), as the two acidic deuterium atoms are exchanged for protons when
dissolved in a protic medium. The product ions that are monitored are m/z 223,
which is attributed to the loss of the CD3 radical and m/z 142 formed by the loss of
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a phenol–d4 group together with a deuterium atom derived from a CD3 group [5].
While the most abundant ion for the isotopically labelled internal standard 13C12–BPA
is ([M-H]−), the signal assigned tom/z 239 [43].

GC–MS (with electron impact) provides a higher resolution and sensitivity
(lower detection limits) than LC–MS for the determination of BPA, although it
usually requires a derivatisation step, which introduces new sources of error,
mainly due to contamination. The electron mass spectra of BPA is characterised
by a molecular ion at m/z 228 ([C15H13O2]

+) with the most abundant fragment ion
at m/z 213, which corresponds to the loss of a methyl group ([C14H13O2]

+). Another
minor fragmentation route involves the loss of one of the aryl groups to give a tert-
benzylic carbocation ([C9H8O]

+) at m/z 135 and the subsequent loss of methane to
give a fragment ion at m/z 119 [5]. Quantitation requires a previous derivatisation
step for the phenolic hydroxyl groups of BPA, and several derivatisation procedures
have been reported, including silylation, acetylation and alkylation reactions [33].
Silylation is the main derivatisation method used, with the most commonly used
agent N–O–bis(trimethylsilyl)trifluoroacetamide containing 1% of trimethylchloro-
silane, which favours the formation of the single derivative. The electron mass spec-
tra of the bis(trimethylsilylether) derivative of BPA is characterised by a molecular
ion at m/z 372 ([C21H32Si2O2]

+) with the most abundant fragment ion at m/z 357,
which corresponds to the direct loss of a methyl group ([C20H29Si2O2]

+) [5].
However, silylation requires temperature control and nonaqueous media, and is
time-consuming [44]. For acetylation of the hydroxyl groups of BPA, the derivatisa-
tion agents commonly used are acetic anhydride and trifluoroacetic anhydride. The
electron mass spectra of the O-bis(trifluoroacetyl) derivative of BPA is characterised
by a molecular ion at m/z 420 and the most abundant fragment ion at m/z 405,
which corresponds to the direct loss of a methyl group. The O-bis(trifluoroacetyl)
derivative was more sensitive than the trimethylsilyl derivative due to the higher
molecular mass, which led to more favourable signal-to-noise ratios, and the mono-
isotopic nature of fluorine that prevented a reduction of ion intensity. In GC–MS, as
in LC–MS, the use of internal standards, such as deuterated BPA–d16 and BPA–d14,
is common [5]. Some GC methods developed for the analysis of BPA are described
in Table 2.3.

Other detection techniques, such as ultraviolet, electrochemical or immuno-
chemical have been reported but to a lesser extent. Immunochemical methods,
like the enzyme-linked immunosorbent assay, have several advantages as it is
easy and rapid to perform, provides good sensitivity and specificity and doesn’t
require qualified personnel or expensive equipment. BPA is not able to initiate an
immune response itself due to its small size, so it needs to be conjugated with
a protein [5].
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3 Melamine

3.1 Introduction

Melamine (2,4,6-triamino-1,3,5-triazine) is a heterocyclic triazine that contains three
amino groups [1–3]. This small polar molecular compound is found in the form of
colourless monoclinic prisms, and its solubility in water and organic solvents is
sparse [4].

Melamine was first developed in the 1830s by Justus von Liebig, a German
chemist, by heating a mixture of potassium thiocyanate and ammonium chloride
[4, 5]. It was subsequently obtained using numerous methods involving heating dif-
ferent starting materials including guanidine, carbonate, thiourea, cyanamide or di-
cyandiamide [4]. Commercially produced melamine is manufactured using urea as
a starting material. There are some inconsistencies in the literature regarding the
manufacture of melamine from dicyandiamide. Some sources indicate that commer-
cial production of melamine from the thermal condensation of dicyandiamide
ceased during the 1980s, while other sources indicate that this process is still used
to manufacture melamine [6].

Melamine can be degraded via deamination reactions to form the by-products am-
meline (4,6-diamino-2-hydroxy-1,3,5-triazine), ammelide (6-amino-2,4-dihydroxy-1,3,5-
triazine) and cyanuric acid (2,4,6-trihydroxy-1,3,5-triazine) by industrial synthesis,
under strong acidic and alkaline conditions, or through microbial degradation using
two strains of soil bacteria, Pseudomonas strain A and Klebsiella terragena. The mela-
mine metabolic breakdown pathway leads to the formation of ammeline, then amme-
lide and finally, cyanuric acid, which is further broken down into biuret, urea and
ultimately, ammonia and carbon dioxide (CO2) [3, 6, 7].

Cyanuric acid is an oxytriazine, while ammelide and ammeline are, respectively,
monoamino- and diaminooxytriazine analogues. Ammeline can be synthesised either
by heating dicyandiamide with aqueous ammonia at 160–170 °C or by heating mela-
mine with concentrated sulfuric acid for a brief period at 190 °C. Ammelide decom-
poses at 170 °C with water to form CO2 and ammonia [3]. The physical and chemical
properties of melamine and its analogues are listed in Table 3.1.[6]

3.2 Industrial applications of melamine and its analogues

Melamine is an industrial chemical used primarily in conjunction with formalde-
hyde for the synthesis of melamine formaldehyde (MF) resins. Such resins are used
for the manufacture of many plastics, laminates, coatings, commercial filters, glues
and adhesives. Melamine resins are also used in a wide range of flame-resistant
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materials as a result of their fire-retardant properties due to releasing nitrogen gas
when burned or charred [4, 7].

Melamine is not a natural product and is not approved for direct addition to any
human or animal food; in fact nor are there any guidelines in the Codex Alimentarius
[4, 7]. However, melamine can be present at low levels in food due to its legal use in
food contact materials (FCM) [8]. The MF polymer is considered suitable for food con-
tact applications due to certain properties, including hardness, heat resistance and
general stability. Melamine is a common monomer in the manufacture of plastics and
is predominantly used in the production of tableware such as cups, bowls, plates and
utensils [3]. However, melamine can migrate from plastic tableware into food, espe-
cially at high temperature, acidic pH and upon repeated use [9]. For this reason, ta-
bleware made of melamine should not be exposed to elevated temperatures (around
120 °C) such as in the oven or microwave [3, 4]. According to the European Food
Safety Agency (EFSA), articles made of melamine plastic are considered to be the
most important source of exposure to melamine from FCM [9].

Melamine can also be formed as a metabolite of cyromazine, a pesticide or vet-
erinary drug used to prevent flies from hatching. Residues of cyromazine and mela-
mine have been detected on vegetable crops [7, 10].

Table 3.1: Physical and chemical properties of melamine and its analogues [6].

Melamine Cyanuric acid Ammelide Ammeline

Structure

NN

N NH2

NH2

H2N NHO

N

OH

N

OH OH

N NH2HO

N N

N
H

H2N NH2

N N

O

Chemical formula CHN CHNO CHNO CHNO

CAS number -- -- -- --

Molecular weight
(g/mol)

. . . .

% nitrogen (w/w) . . . .

Appearance Fine white
crystalline powder

White crystalline
solid

White powder White powder

Melting point (°C) -
Descomposes

 Descomposes Descomposes

Aqueous
solubility (mg/L)

 (at °C)  (at °C) . 

Pka (dissociation
constant)

. (at °C) . (at °C) . (at °C)
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Trichloromelamine, which can decompose to melamine, is permitted for use in
the United States in sanitising solutions for food-processing equipment, utensils
and food contact articles (except milk containers or equipment) [3, 7].

Ammeline, ammelide and cyanuric acid are not included on the European
Union positive list of substances intended to be used in food contact plastics [9].
Ammeline is used in lubricating greases and no information regarding the uses of
ammelide is available [6]. Trace levels of cyanuric acid can be present in food and
water from the use of dichloroisocyanurate (a disinfectant used in water treatment)
in drinking water, swimming pool water and water used in food manufacturing [7].

3.3 Fraudulent uses

Although this section is not directly related to FCM, it is included and discussed
due to its importance. As a result of increasing globalisation of the international
food market, foodstuffs can be spread around the planet all too quickly and pose
a threat to practically everyone, but particularly to vulnerable groups such as in-
fants, young children, pregnant women, the elderly and those already ill [7, 8].
Melamine is a nitrogen-rich industrial chemical that has been fraudulently added to
edible foodstuffs in order to give a false appearance of a high level of protein and
so reduce costs [1, 2, 11, 12].

Melamine is not distinguishable from protein when measured using the Kjeldahl
and Dumas test, thus giving falsely high readings [7]. These nonspecific procedures
cannot distinguish between nitrogen incorporated into proteins, which is present in
amino acids and therefore in proteins, and nonprotein nitrogen present in many
other nonproteinaceous molecules such as melamine [2, 4]. These methods rely on
the liberation of ammonia from the protein by concentrated sulfuric acid or heat
treatment, respectively [13].

Since 1958, melamine has been added to cattle feed as a nonprotein nitrogen
source. However, its use was discontinued in 1978 because it was found to be
completely hydrolysed in ruminants. In March 2004, an outbreak of food adultera-
tion involving melamine led to renal failure in dogs and cats in several Asian coun-
tries due to consumption of pet food products manufactured at a single factory in
Thailand [3, 12].

In March 2007, pet food contaminated with melamine, and melamine-related
compounds, resulted in an outbreak of renal disease and even associated deaths in
cats and dogs in the United States [1]. Further investigation showed that some
wheat gluten and rice protein extracts imported from China as pet food ingredients
were contaminated with melamine and its analogues, and these compounds are not
approved for use as ingredients in pet food [3, 7]. This adulteration caused hun-
dreds of pet deaths due to melamine–cyanurate crystals obstructing renal tubules
within the kidney causing kidney damage [11].
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In July 2008, an abnormally high prevalence of renal stones in infants was dis-
covered in China; however, no action was taken because the authorities did not
want a scandal prior to the Beijing Olympics, which were held in August [7]. In
September 2008, dairy companies in China were selling milk and infant formula
that were contaminated with melamine to falsely increase its protein concentration
[1]. Owing to China’s wide range of export food products, the contaminated prod-
ucts reached countries on all continents and the situation became an international
health scare [1, 7]. Melamine combined with endogenous uric acid to form calculi in
the kidney, ureter or bladder [11]. As a result of this incident, about 54,000 infants
and young children were hospitalised and at least six children died [8, 12].
Melamine was found in a wide variety of milk and milk products at varying concen-
trations, from low parts per billion (ppb) to parts per million (ppm) [7]. The Chinese
Administration of Quality Supervision, Inspection and Quarantine was reported to
have found levels of melamine in dairy products reaching up to 6,200 mg/kg [2].

In addition to its catastrophic health effects, the contamination also had eco-
nomic effects because the United States and other countries banned the importation
of milk and other food and feed products from China [5, 7].

3.4 Metabolism of melamine

For ethical reasons, the absorption, metabolism, distribution, excretion and toxico-
kinetics of melamine have been systemically investigated in various mammalian
species such as mice, dairy goats and pigs [3].

It is assumed that melamine and its metabolites are absorbed in the gastrointes-
tinal tract and systematically distributed [4, 7]. The distribution is probably limited
to the body water fraction because melamine is unlikely to be bound in significant
amounts to body tissues [3].

Melamine cannot be metabolised by the body; thus, approximately 90% of in-
gested melamine is excreted within 24 h in its original form by the kidneys in the
urine [3, 13]. Melamine may, in a dose-dependent manner, form crystals with either
endogenous uric acid or a structural analogue of melamine, cyanuric acid, in renal
tubules, leading to progressive tubular blockage and degeneration [4, 7, 8]. When
the amount of melamine ingested exceeds the excretion capability of the kidneys,
renal disease and even death may occur [3].

3.5 Toxicity

Direct contact with melamine results in skin irritation, and its inhalation causes irri-
tation in the respiratory tract [3]. For ethical reasons, there are no studies regarding
the oral toxicity of melamine in humans; the available data are from animal feeding
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studies [7]. Melamine has been reported to have low toxicity, with lethal doses from
oral intake in mice and rats exceeding 3,000 mg/kg body weight. Oral ingestion
usually affects the digestive tract, resulting in nausea, vomiting and diarrhoea; and
in severe cases, hypertension, oedema or oliguria [3].

Information regarding the toxicity of the analogues, compared with melamine,
is limited, and so it is prudent to assume that these analogues have equal effects
[7]. Although melamine and cyanuric acid alone are considered to have low human
toxicity, the exposure to both may confer a higher risk [5, 7]. It has been demon-
strated that the simultaneous exposure to both melamine and cyanuric acid is more
toxic as they are able to form an insoluble hydrogen-bonded bimolecular network
via a surface-based self-assembly process [1, 3, 7]. In this process, the hydrogen
bonding causes crystallisation, which can lead to tissue injury including urolithia-
sis, bladder cancer or even death [1, 3]. When both melamine and cyanuric acid
were administered orally, the most commonly observed effects included body
weight loss, bladder and kidney stones, crystalluria and epithelial hyperplasia of
the bladder [4]. On the other hand, neither ammeline nor ammelide alone produced
any renal effects, but the mixture can produce significant renal damage and crys-
tals in the nephrons [7].

It is known that the kidney is the major target organ of melamine toxicity due
to its rapid renal clearance. Therefore, it is clinically important to have a simple
method that can reliably detect urinary melamine with an acceptable sensitivity,
specificity, precision and accuracy in the routine chemistry laboratory [8].

Melamine, in addition to its nephrotoxicity, is known for its neurotoxicity and
causes cognitive impairment and hippocampal injury via adenosine triphosphate
depletion; in addition, it also inhibits certain haem groups containing enzymes and
activate others [13].

Melamine is associated with carcinogenicity, especially of the renal tract [4, 8].
After oral administration, it has been reported that melamine led to urinary bladder
and ureteral carcinomas in male rats and urinary bladder hyperplasia in male mice.
High and continuous dietary exposure to melamine is associated with an increase in
the production of bladder stones, which is correlated directly with an increased inci-
dence of urinary bladder tumours [4]. Melamine is classified as a group 2B substance
according to the World Health Organization (WHO) International Agency for Research
on Cancer, classified as ‘possibly carcinogenic to humans’. There is sufficient evidence
in experimental animals for melamine to be designated as a carcinogen; however,
there is inadequate evidence for carcinogenicity in humans [7].

Melamine is harmful to infants who, as a consequence of the exposure, suffer
retarded growth, urinary stone formation and renal failure. Although the mortality
rates of infants with melamine-related disease are relatively low, the incidence of
stone formation is quite high. Being below average height and underweight are
common among children with melamine-related urinary stones because melamine
may interfere with the metabolism of glucose, protein and nitrogen in the liver [8].
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The possible consequences for pregnant women who are exposed to melamine-
contaminated foods is a prime concern. The effects of repeated administration of
high doses of triazines, such as melamine and cyanuric acid, in pregnant rats were
investigated to determine the risk of these compounds for both mother and foetus.
Melamine was found in the serum and amniotic fluid, confirming the potential for
transplacental transfer of melamine from mammalian mother to foetus. The pres-
ence of melamine in serum is most likely due to the fact that crystals obstruct the
renal tubules and effectively impeded excretion. High levels of melamine induce
maternal toxicity and also have a negative impact on foetal development, for exam-
ple, decreased size, and below average foetal body weight and average crown rump
length. Studies suggest that the developmental reproductive effects were likely due
to renal failure in the mothers, not by the direct effects of melamine on the develop-
ing foetus [11]. Lactational transfer of melamine from mother to neonates has been
reported in animals [13].

Yet, the long-term health effects of melamine remain unknown [7].

3.6 Regulation

After the reported outbreaks of melamine-contaminated food, the level of concern for
food safety increased. Authorities and other organisations established a tolerable
daily intake (TDI) for melamine in order to ensure a safe food supply and protect the
health of the general population, including infants. This TDI is an estimation of the
maximum exposure to a certain agent that the population may be exposed to without
any large risk. The US Food and Drug Administration was the first organisation to
provide the initial TDI for melamine of 0.63 mg/kg based on animal toxicity assays
[14]. The WHO and the EFSA have established a new TDI of 0.2 mg/kg/day for mela-
mine [8]. This TDI is considered appropriate for infants, except for premature babies
because they have higher urinary uric acid levels and greater immaturity of kidney
function [14].

The TDI for melamine is not applicable if there is a simultaneous exposure with
any of its analogues, that is, cyanuric acid, ammelide or ammeline, due to the in-
creased potential for the formation of urinary crystals. A TDI for cyanuric acid of
1.5 mg/kg was proposed based on a previous evaluation of the disinfectant dichlor-
oisocyanurate. However, this TDI makes reference to sodium cyanurate, and its
equivalent for cyanuric acid is 1.3 mg/kg, which is a more accurate value, but is not
toxicologically different from 1.5 mg/kg. The toxicological databases for ammelide
and ammeline are extremely limited and therefore they do not have an established
TDI [14].

Melamine is not approved for direct addition to any human or animal food, but
melamine can migrate to food due to its legal use as a monomer and additive in
plastics used in FCM [8, 14]. For this reason, it is important to monitor the level of
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melamine in human foods. As a result, governments around the world have set
maximum acceptable limits for melamine in food products [15]. In China and the
United States, the maximum residue levels for infant formula are 1.0 and 2.5 mg/kg
for milk and other milk products (calculated on the basis of ingestion by a person
weighing 60 kg), while in the European Regulation on plastics intended to come
into contact with foodstuffs, melamine is authorised as a monomer in plastics with
a specific migration limit of 2.5 mg/kg [1, 3, 9]. Those products containing more
than 2.5 ppm should be destroyed [4]. These limits for melamine provide
a sufficient margin of safety for dietary exposure relative to the TDI [7].

3.7 Analysis

Melamine detection and quantification in food and biologic samples has become of
considerable interest after the contamination incidents [8]. In order to achieve this,
there is a need to establish highly selective and rapid methods that are capable of
screening samples and confirming the presence and quantities of melamine and
other metabolites [1]. The ideal technique should involve minimal sample prepara-
tion, allow sampling under atmospheric conditions and provide a response within
seconds of sample introduction [15].

Methods used for the analysis of food for human consumption have been devel-
oped or adapted from some methods that were initially used for the study of the pes-
ticide cyromazine, of which melamine is a degradation product. Nowadays, there are
various methods available for the analysis of melamine and its structurally related
compounds, including cyanuric acid, ammeline and ammelide, in many foods and
animal feeds. These techniques can be focused on melamine alone or simultaneously
analyse melamine and cyanuric acid in one process. Special care must be taken not
to overextend the applicability of a method to a matrix that has not been validated
without previous verification and optimisation. Multiresidue methods were also cre-
ated to analyse melamine residues in animal tissues for toxicology and pathology
studies. Methods were also developed for the evaluation of the migration of mela-
mine from MF resin frequently used to make FCM [2].

Currently, liquid chromatography (LC) and gas chromatography (GC) conju-
gated with mass detection are the most powerful confirmation methods to analyse
the presence of melamine [1]. The good selectivity of these methods is due to the
use of chromatography to separate analytes from coextracted materials, and the use
of multiple reaction monitoring during detection [2]. However, these methods can
be expensive and time consuming, and often require sample pretreatment to extract
analytes and eliminate matrix effects [1].

With regard to the detection methods used, tandem mass spectrometry (MS/
MS) provides the highest degree of selectivity, followed by single-stage mass spec-
trometry (MS), diode array detection (DAD) and, lastly, ultraviolet (UV) absorption
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[1, 2]. The UV and DAD-based methods are less selective and generally less sensitive
than the MS methods because they monitor wavelengths in the 200–270 nm region
where many organic compounds absorb, and so the possibility for interference is
greater than MS/MS, and more care needs to be taken to prepare clean extracts and
validate the method. For this reason, limit of detection (LOD) values are at least an
order of magnitude higher than those reported for MS methods [2].

3.8 Sample pretreatment

In many analyses, effective sample preparation is required prior to the determina-
tion of melamine and its analogues due to the complexity of the samples [4, 7]. The
main objective of sample treatment, including extraction, preconcentration and de-
rivatisation procedures, is to avoid potential interference by coextracted sample
components to achieve methods with lower LOD [2, 12]. The strategies of sample
pretreatment depend on the analyte, the different matrices and the selective abili-
ties of detection methods [1].

Melamine is a weakly alkaline compound that can hydrolyse in strongly acidic or
alkaline solutions. Initial melamine extraction can be carried out under neutral, acidic
or alkali conditions. Neutral extraction can be carried out using acetonitrile–water or
methanol–water mixtures, while acidic extraction can be carried out using hydro-
chloroacetic, formic, acetic, hydrochloric or trifluoroacetic acids. Due to the recent
worldwide acetonitrile shortage, methanol has been an effective long-term alternative
solvent for the extraction and analysis of melamine and its analogues in foods [12].

Aside from centrifugation and filtration, solid-phase extraction (SPE) is most
often incorporated into methods for further sample clean-up after extraction.
Cation-exchange/reversed phases are used in the analysis of melamine, while
anion-exchange sorbents are used to isolate cyanuric acid [2]. As melamine electrol-
yses to a positive ion in an acidic solution, cation-exchange SPE is often used to
remove neutral and acidic interference [12]. Other solid-phase sorbents used for
melamine extraction include a molecularly imprinted polymer (MIP), which is
a good example of highly selective extraction due to its molecular recognition func-
tions [1, 2, 12]. The MIP is synthesised in the presence of functional monomers, tem-
plate molecules and a crosslinking agent using covalent, noncovalent and
sacrificial spacer methods. MIP has gained wide acceptance due to its predeter-
mined selectivity for target molecules, high affinity, robustness of recognition, sta-
bility, low cost and easy preparation [3, 12].
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3.9 Issues during analysis

Various issues are encountered during the analysis of melamine and related com-
pounds including contamination, matrix effects and analyte instability, and their
severity may vary depending on the method used, the type of matrix and the analy-
tes examined.

In the high-performance liquid chromatography (HPLC)–MS/MS system, persis-
tent background contamination with melamine in the blanks has been caused by
carryover. This phenomenon was also noted during GC–MS analysis with cyanuric
acid. To minimise the exposure of the system to the target compounds and prevent
carryover, only low concentration standards should be injected before the sample.
In order to avoid cross-contamination of reusable plastic labware, which could be
another possible source of contamination, glassware should be rinsed with an ace-
tonitrile/water solution. One report mentions filter papers that could contain mela-
mine, and so it would be prudent to avoid its use.

The type of matrix can affect the extent to which melamine and related analytes
are recovered from a sample during preparation; it can also affect analyte chroma-
tography and ionisation during MS analysis. This is most often noted while using
the sensitive HPLC–MS/MS methods. Matrix effects were also observed during
GC–MS analysis. This effect is known to vary between instruments, inlet liners and
packaging materials, highlighting the need for all methods to be validated prior to
use . Matrix components can also affect the derivatisation of melamine and related
compounds due to the possible reaction between the matrix components and the
derivatising agent. A solution to the problem of matrix effects includes the use of
internal standards or matrix-matched standards. To avoid the uncertainties associ-
ated with selecting a proper blank matrix for standards, stable isotope-labelled in-
ternal standards can be used.

With regard to the stability of melamine and related compounds, in basic con-
ditions, melamine, ammeline and ammelide hydrolyse to cyanuric acid. Aqueous
extracts of melamine and cyanuric acid can be stored at 5–10 °C for up to 1 month
for further dilution and analysis [2].

3.10 Liquid chromatography methods

In the majority of laboratories, melamine and its metabolites are routinely sepa-
rated by LC due to the small and polar nature of the compounds, and detected
using selective techniques [1, 2]. HPLC is one of the most powerful techniques
due to its high efficiency, good reproducibility and simultaneous detection of
the presence of melamine and its analogues [3]. Some liquid chromatographic
methods for the analysis of melamine and related compounds are listed in
Table 3.2.
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As the UV spectra for melamine exhibits absorption bands below 250 nm, erro-
neous quantification can occur if insufficient care is paid to chromatographic con-
ditions or if sample preparation is not optimised. To increase sensitivity and
confidence in the reported results, several methods were proposed, including DAD
systems and FLD [12].

MS techniques are widely used to determine contaminants due to their molec-
ular specificity and high sensitivity of detection. Both LC–MS and LC–MS/MS are
currently the main methods for the quantitative determination of melamine [12].
Melamine is analysed in positive ESI and cyanuric acid in negative ESI when
using HPLC–MS/MS. The opposite polarities required necessitate the use of polar-
ity switching during one HPLC–MS/MS run or two different HPLC–MS/MS runs.
Monitoring at least two transitions is recommended for MS analysis, as the ratios
of responses from these two transitions can be calculated and used as another
identification criterion, and to ensure accurate identification of coeluting interfer-
ences during the analysis of melamine. The most common transitions monitored
for melamine are 127→85 and 127→68, which correspond to a loss of cyanamide
from the [M+H]+ ion to produce the 2,4-diamino-1,3-diazete cation, and subse-
quent loss of ammonia to form the ion with m/z 68. The fragmentation of [M–H]−

for cyanuric acid is similar to the pathways proposed for melamine. Atmospheric
pressure chemical ionisation (APCI) in a positive ionisation mode has also been
used for melamine, and APCI in a negative ionisation mode for cyanuric acid,
ammeline and ammelide. The APCI method using a heated nebuliser probe was
found to be more sensitive than ESI for several of the compounds [2].

Melamine as a polar molecule is a good candidate for normal-phase LC, HILIC,
where a polar hydrophilic analyte partitions between a relatively polar stationary
phase and a relatively nonpolar mobile phase [4]. However, poor retention and/or
separation of the small and very polar melamine and coextracted matrix components
on traditional reversed-phase LC columns (e.g., the traditional C18 or C8 column) has
been noted [2].

Many methods utilise ion-exchange, ion-pair chromatography or HILIC [1].
HILIC columns are designed for the retention and separation of polar compounds,
and so it has been successfully applied to separate melamine from analogous com-
pounds and interfering materials [12]. Ion-pair reagents facilitate separation on
a reversed-phase column, but may result in ionisation suppression in the MS source
or decreased UV absorption. It was shown that multiple columns in series improve
the separation of melamine and analogues [2].

3.11 Gas chromatography methods

GC is another common method used to confirm and quantify melamine and related
compounds.
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However, this technique usually needs an extra pretreatment phase of derivati-
sation with three methyl silanised reagents due to the polar nature of melamine
and related compounds, and is therefore relatively nonvolatile [1, 2]. The trimethyl-
silyl derivates are analysed in the positive electron impact (EI) mode in GC–MS/MS.
Single-stage GC–MS methods also use EI selected ion monitoring of multiple ions to
quantify the trimethylsilyl derivates. Single-stage MS methods are less selective
than MS/MS methods, which may result in a lowered sensitivity [2].

However, the instrumentation is expensive and sample pretreatment is time
consuming, and so the methodology is impractical and inefficient for analysing
a large number of samples [3, 12].

3.12 Other techniques

Alternatives to costly chromatographic methods include cheaper screening meth-
ods with sufficient sensitivity and selectivity. These methods often provide results
more quickly than the more selective methods, but they lack the power to unequiv-
ocally identify melamine and related compounds as do the MS-based methods [2].

3.12.1 Enzyme-linked immunosorbent assay

All immunoassays are based on the highly selective antigen–antibody interaction.
As melamine has a small MW, it is difficult to stimulate the immune response and
subsequently produce a specific antibody [12]. There is no information readily avail-
able regarding the applicability of enzyme-linked immunosorbent assay (ELISA)
methods for the analysis of the analogues of melamine, i.e., cyanuric acid, amme-
line, ammelide or cyromazine [2].

ELISA is a good screening method that can be used for a large number of samples
because it has the advantages of simplicity, low cost, rapid turnaround time and high
throughput. However, the procedure requires labour-intensive operations (incuba-
tion, washing and enzymatic reactions); it is not able to detect concentrations in sam-
ple matrices as low as MS/MS methods, and there is the possibility of false-positives
as most of the antibodies show cross reactivity to the structure of related compounds
of melamine [1–3]. So, when a positive sample is found during screening, it must be
rechecked by a more selective method to identify the compound detected [2, 4].

Commercial ELISA test kits are also developed for quantitative analyses. Using
the ELISA test kit, the melamine from samples and melamine horseradish peroxi-
dase conjugate were bound to the melamine antibody. After washing, a clear sub-
strate was added and any bound enzyme conjugate resulted in a blue colour, which
was compared with standards to determine the melamine concentration in the sam-
ple [4].
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3.12.2 Vibrational spectroscopy

Vibrational spectroscopies such as surface-enhanced Raman spectrometry (SERS),
near infrared (NIR) and midinfrared spectroscopy (MIR) have been used to detect
melamine in various food matrices [12].

NIR and MIR spectroscopic methods are rapid, nondestructive and require little
or no sample pretreatment, although the preparation of calibration standards in the
appropriate matrix is required as determination is matrix dependent [2].

Raman spectrometry is a rapid and cost-effective method for the detection of
melamine with minimum sample preparation [1]. SERS is a type of Raman spectrom-
etry that measures molecular vibrations by light scattering [19]. He and co-workers
(2008) developed a method using SERS coupled with gold nanosubstrates that can
quickly detect and characterise a small amount of melamine and its analogues in
aqueous solutions. However, the commercial substrates are costly and the back-
ground noise from substrates increases over time [12, 19].

3.12.3 Biosensors

New advances in chemistry, physics and biology have led to the development of
biosensors that can detect a large range of biological elements with selectivity and
sensitivity.

An electrochemical biosensor is composed of a biosensor and an electrochemi-
cal transducer, and is considered to be a chemically modified electrode as an elec-
tronic conducting, semiconducting or ionic conducting material is coated with
a biochemical film. It is a viable alternative for the detection of melamine due to its
high sensitivity, selectivity, low cost, fast response, simplicity and possibility for
miniaturisation, portability and integration into automated devices. Moreover, the
biosensor only requires a small amount of sample [3, 20].

Several colorimetric systems have been designed to detect melamine using
nanoparticles, which have unique properties such as biostability, biofunctionali-
sation and spectral [3, 12]. The presence of melamine induces the aggregation of
unmodified gold nanoparticles (AuNP) and a consequent visible colour change.
AuNP bind to melamine based on the electrostatic reaction between the nega-
tively charged gold surface and the positively charged amino groups of melamine
[3, 20].
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3.13 Quantitation

The presence of observed matrix effects prompted the use of various quantitation
systems such as matrix-matched standards and stable isotope-labelled internal
standards to compensate for these effects during quantitation and data analysis.

Stable isotope-labelled internal standards are useful for MS-based methods be-
cause their physico-chemical properties are as close as possible to the analytes to
be measured. Only 13C3-melamine, 13C3-cyanuric acid, 15N3-melamine, 15N3,

13C3-
melamine and 15N3,

13C3-cyanuric acid are currently available as internal standards.
When they are added prior to sample extraction, they can account for a loss of ana-
lyte during sample processing and volume changes; and when they are added after
sample preparation, but before MS analysis, they can avoid changes during ionisa-
tion in the MS source [2].

The preparation of labelled internal standards 13C3-melamine and 13C3-cyanuric
acid using the common substrate 13C3-cyanuric chloride was developed by Varelis
and Jeskelis in 2008 [21].
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4 Phthalates and alternative plasticisers

4.1 Phthalates

Plasticisers are one of the most common additives used in wide-ranging applications,
such as polymer processing. The desirable properties of plasticisers include increas-
ing the flexibility of materials and workability of complex formulations; improving
the impact resistance of materials; reducing the viscosity of polymers in order to im-
prove film elasticity and tensile strength; improving the low-temperature properties
of materials; increasing elongation and decreasing tensile strength; reducing the
pressure of extraction and improving the processing and blending of polymers [1].
The most widely used plasticisers in the world are esters of phthalic acid, which com-
bine most of the desirable properties of plasticisers.

Phthalates (PAE) are a group of chemical compounds, also called phthalic acid
esters, that are synthesised via esterification between phthalic anhydride and oxo al-
cohols [ranging from C4 to C13 alcohols for polyvinyl chloride (PVC) applications] [2,
3]. These compounds are widely used in a variety of industrial applications, including
cosmetics, personal care products, detergents, pesticides, adhesives, paints, inks,
sealants, medical devices, plastics [food contact materials (FCMs)] and toys. The in-
dustrial application of PAE mainly depends on the physical properties of these com-
pounds [4–6].

In general, PAE can be distinguished by their molecular weight (MW); low MW
PAE have short alkyl side chains with one, two or four carbon atoms and high MW
PAE have long alkyl side chains with four to 10 carbon atoms. Low MW PAE, such
as dibutyl phthalate (DBP) and diethyl phthalate (DEP), are not used as the sole
plasticiser in cellulosic, urethane and acrylic resins. These PAE are most frequently
used in cosmetic applications as solvents in personal care products and in lacquers,
adhesives, printing inks, varnishes and coatings [5, 7].

Due to their properties, that is, high solubility in polymeric materials, stability,
low volatility and fluidity, high MW PAE, such as di-n-octyl phthalate (DnOP) and
diisononyl phthalate (DiNP) are used mainly as plasticisers in the manufacture of
different materials, giving them greater flexibility and enhancing their technical
properties [8, 9]. The main application of high MW PAE is in the production of PVC,
although they are also used in other materials such as polyurethane, polyvinyl ace-
tate, polyvinylidene chloride and cellulosic materials [7, 8]. An overview of the most
important PAE, including their physicochemical properties, is given in Table 4.1.

PAE are also used as solvents and/or plasticisers in paints, inks and adhesives.
Although printing inks are not in direct contact with food, it has been found that
the plasticisers in them can migrate to the food through the packaging material, or
during storage in reels, via the ‘set-off’ effect. Other PAE were found to originate
from adhesives used in the joints of the packaging.

https://doi.org/10.1515/9783110648065-004
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Not all plastics contain plasticisers, for example, polyethylene (PE) and poly-
propylene. However, PAE has been found in water bottles made from polyethylene
terephthalate (PET), PE and glass. Although these materials do not contain PAE,
contamination in water bottles can occur during bottling processes or from the cap
liner [10].

Some of the most widely used PAE in diverse applications are DEHP, DBP,
DiNP, DiDP (diisodecyl phthalate), BBP, DIBP, DEP and DnOP. The main applica-
tions of the mentioned PAE are summarised in Table 4.2.

It has been estimated that approximately 51% of the global production of plasti-
cisers is DEHP, being the predominantly used plasticiser in several applications [6].

Since their introduction in 1930, DEHP has been the most widely used plasti-
ciser in the production of flexible PVC products. DEHP is present in a great variety
of consumer products and hence DEHP exposure is widespread in the population.
In 2011, PAE drew the specific attention of the general public due to a food safety
incident in Taiwan, which was related to the illegal addition of DEHP and DiNP as
clouding agents in food and beverages. The ingredient commonly used as
a clouding agent in Taiwan is palm oil. Food products related to the incident in-
cluded sports drinks, concentrated juice beverages, tea drinks and food supple-
ments in capsule or powder form [26].

As a result, in recent years there has been increasing interest in monitoring
PAE compounds in a broad range of matrices, and several analytical methods for
measuring the amount of PAE in various food simulants and matrices have been
developed and published.

PAE may be found in food products as a result of its migration from FCM; how-
ever, it is not the only source of PAE contamination. PAE may also be present in
foods as a consequence of environmental contamination. There are several routes
of human exposure to PAE, including oral, dermal and inhalation.

Exposure also includes medical procedures (blood transfusions, long-term hae-
modialysis). However, it has been reported that human exposure to PAE occurs
mainly through food ingestion [6].

Several studies have shown the potential of some PAE to be endocrine disrupting
chemicals, with the degree of toxicity depending upon the molecular nature. PAE are
rapidly metabolised and excreted in urine and faeces. Human exposure to PAE can
be routinely monitored through the measurement of urinary concentrations of PAE
metabolites, which have also been detected in saliva and amniotic fluid [13].
Table 4.2 lists the common metabolites for the biomonitoring of certain PAE.

Several animal studies have shown a variety of toxic effects as a result of PAE
exposure, which include liver and kidney toxicity, carcinogenicity and damage to
the reproductive system, among others. Genotoxicity studies suggest an associated
damaging impact of DBP and DIBP on deoxyribonucleic acid in human mucosal
cells and lymphocytes, respectively [27].
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PAE have also been associated with adverse effects on the genitals of male in-
fants through prenatal exposure (reduction in the anogenital distance). DIBP expo-
sure in pregnant rats showed evidence of embryotoxicity and teratogenicity [28].

PAE such as DEHP have been associated with reproductive toxicity and carcino-
genicity. DEHP mainly affect the male reproductive system through its main metab-
olite, MEHP. Similarly, it has been reported that DEHP can induce hepatic tumours
in mice and rats [29].

Based on toxicological studies, the European Food Safety Authority has estab-
lished the tolerable daily intake (TDI) for PAE at 0.01 mg/kg bodyweight per day for
DBP, 0.5 mg/kg bodyweight per day for BBP, 0.05 mg/kg bodyweight per day for
DEHP and the sum of DiNP and DiDP (0.15 mg/kg bodyweight) [30–34].

4.1.1 Determination of phthalates in food

Analysis of PAE in food matrices generally requires extraction and clean-up proce-
dures prior to separation and quantification. Samples have to be homogenised prior
to extraction, which can be achieved via shaking, stirring or mixing; however,
liquids do not generally require any homogenisation treatment.

The literature details a variety of extraction methods for PAE analysis, which
include liquid–liquid extraction (LLE), solid-phase extraction (SPE), solid-phase mi-
croextraction (SPME), molecularly imprinted solid-phase extraction (MISPE), mag-
netic solid-phase extraction (MSPE) and Quick, Easy, Cheap, Effective, Rugged and
Safe (QuEChERS), among others [35–39].

LLE or solvent extraction consists of separating the compounds based on their
solubility in two different immiscible liquids. For this purpose, an adequate amount
of solvent is necessary to capture all analytes from the original sample. Several au-
thors have used this method for PAE extraction in food products. Zaater et al. [40]
employed LLE with a mixture of methylene chloride–petroleum ether (20:80, v/v)
for the isolation and enrichment of six PAE [dimethyl phthalate (DMP), DEP, DBP,
BBP, DEHP and DnOP] without further clean-up. Gas chromatography (GC)–mass
spectrometry (MS) was used for identification and high-performance liquid chroma-
tography (HPLC) with ultraviolet (UV) detection for quantification. In 2015,
Milojković et al. [41] evaluated 14 LLE techniques for the determination of four PAE
(DMP, DBP, BBP and DEHP) in milk-based samples. The study showed that n-
hexane was the best extractant, obtaining a homogeneous and clear extract with
a precipitated raffinate phase. Higher recovery is observed for the high MW PAE
(log Kow = 7.6 for DEHP), while low MW PAE are more water soluble, relatively hy-
drophilic and thus the recovery decreases (log Kow = 1.5 for DMP).

Other authors employed the liquid-phase microextraction (LPME) method for
PAE determination in food samples. This promising low-cost technique emerged
from LLE, and combines extraction, concentration and sample introduction in
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one step, and allows analyte extraction in a few microlitres of organic solvent
[42]. Farahani et al. [43] developed an LPME technique using a directly suspended
organic microdrop coupled with GC–MS for the extraction and determination of
DMP, DEP, DAP, di-n-butyl phthalate (DnBP), BBP, dicyclohexyl phthalate
(DCHP) and DEHP in water samples. Some efficiency factors for microextraction,
such as temperature, organic solvent, salt effect, stirring rate and extraction
time, were optimised in this study. Several different modes of LPME have been
developed, among the main ones it is worth mentioning dispersive liquid–liquid
microextraction (DLLME), single-drop microextraction [44] and hollow fibre-
LPME [45].

Farajzadeh et al. [46] used DLLME for the extraction, preconcentration and deter-
mination of five PAE (DMP, DEP, DIBP, DBP and DEHP) in cow’s milk samples.
Acetonitrile (ACN) was used as the extraction solvent and 1,2-dibromoethane was se-
lected as the extraction solvent in the DLLME step. After the extraction, the selected
compounds were determined by GC–flame ionisation detection (FID) and GC–MS.

DLLME emerged as a powerful preconcentration method, which is based on
a ternary solvent system such as homogeneous LLE and cloud-point extraction [47].
For this procedure, the selection of an appropriate organic extraction solvent is
a very important factor. Recently, Yan et al. [48] developed a method for DMP, DEP,
DBP, BBP, diisooctyl phthalate (DIOP) and DnOP analysis in bottled milk using ul-
trasound-assisted DLLME followed by GC–FID. In this study, methanol was selected
as the dispersant due to its higher dispersing capability for the extractant and rela-
tively decreased analyte loss.

SPE is another useful technique for rapid and selective sample preparation.
Most commonly, SPE is achieved using miniature column or cartridge devices.
Compared with LLE, SPE requires lower utilisation of organic solvents and can be
used as an effective clean-up method to remove matrix interferences and improve
sensitivity by preconcentration of the analytes [49]. Mohamed and Ammar [50] de-
veloped an SPE method followed by capillary GC coupled to MS for the determina-
tion of five PAE (DMP, DEP, DBP, BBP and DEHP) and bis(2-ethylhexyl) adipate
(DEHA) in traditional Egyptian food and drink. High accuracy and good recovery of
the analytes were obtained in this study. In the same way, Liu et al. [51] used an
SPE method before GC–tandem mass spectrometry (MS/MS) analysis for the deter-
mination of 18 PAE in edible vegetable oils. A silica/PAS column was used for puri-
fication of the sample (supernatant), which required previous ultrasonic extraction
with ACN.

The SPME technique has been selected by several authors for the determination
of analytes at trace levels. This technique has been available for sample preparation
since 1993, and has several advantages including relatively low cost, simplicity of
the procedure, elimination of organic solvents from the protocol and compatibility
with HPLC, GC and capillary electrophoresis, among others. Extraction is performed
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via immersion (fibre in the medium under investigation) and headspace (above the
medium under investigation) modes [52, 53]

Chen et al. [54] employed headspace SPME, in conjunction with GC, using
a calyx[6]arene fibre for the determination of six PAE [DBP, diamyl phthalate
(DAmP), DnOP, DEHP, dinonyl phthlate (DNP) and didecyl phthlate (DDP)] in non-
alcoholic beverages. The results indicated that the extraction temperature was the
most significant factor for all PAE in the headspace SPME procedure.

Other authors have used a new mode of SPE termed MSPE, for example, Wang
et al. [39] synthesised magnetic Fe3O4 microspheres (Fe3O4@SiO2-G) via a chemical
bonding method, and applied it for the extraction of DAP, dipropyl phthalate
(DPRP), BBP, DCHP and DEHP in soybean milk prior to HPLC analysis. In this
study, several parameters that could affect the extraction efficiency were investi-
gated (amount of Fe3O4@SiO2-G, extraction time, pH of sample solution and the de-
sorption conditions).

MSPE is an extraction method that is based on the use of magnetic or magnet-
isable adsorbents. This method combines the advantage of magnetic separation
technology and SPE, and makes sampling and collection easier and faster. The sep-
aration process can be performed directly for samples containing suspended solid
materials without the need for additional centrifugation or filtration [39, 55, 56].

Due to the insufficient selectivity of some sorbents for SPE, such as inorganic ox-
ides and low specific sorbents, over the last few decades, a growing trend has been
focused on class-specific sorbents such as molecularly imprinted polymers (MIPs).
MIPs have become an interesting research field due to their advantages and low cost
of preparation, as well as their potential application to a wide range of target mole-
cules. MIPs are artificial polymers with specific binding sites for a particular analyte
[57]. MIPs are employed as sorbents in the MISPE technique.

He et al. [58] developed an MISPE technique for DBP extraction from soybean
milk. In this report, DBP was employed as the template molecule and MIPs were
synthesised via the bulk polymerisation of methacrylic acid.

QuEChERS is another procedure that has become very popular over the last few
years for the determination of different compounds in food matrices. This technique
uses a single extraction in ACN, followed by liquid–liquid partitioning after the ad-
dition of a mixture of anhydrous magnesium sulphate (MgSO4) and sodium chloride
(NaCl), and a clean-up step in which the extract is mixed with a primary secondary
amine (PSA) sorbent and anhydrous MgSO4 [59].

Yin et al. [60] developed a modified QuEChERS method for the GC–MS/MS de-
termination of 16 PAE in tea samples. In order to minimise interference and obtain
accurate results, a combination of 200 mg of PSA, 100 mg of graphitised carbon
black and 100 mg MgSO4 was applied during the purification process.

Recently, a new microextraction technique has been developed for organic com-
pounds, known as ultrasound-assisted emulsification microextraction. This procedure
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is a rapid and nonexpensive alternative to other extraction methods and employs
a small amount of organic solvents [61].

Yan et al. [62] developed a new ultrasound-assisted surfactant-enhanced emul-
sification microextraction method using a nonionic surfactant (Triton X-100) as an
emulsifier for the extraction and determination of DEP, DMP, DIOP, DBP and DnOP
in beverage products. In this study, the determination of trace levels of PAE was
achieved without the application of organic dispersive solvents.

Stir bar sorptive extraction (SBSE) is another sample preparation method for
the preconcentration of organic compounds into a polydimethylsiloxane-coated stir
bar [63]. Cacho et al. [64] developed a method for the determination of PAE and al-
kylphenols in vegetables using SBSE coupled to GC–MS. Sample extraction was per-
formed using methanol, a solvent capable of quantitatively extracting analytes
from vegetable samples. In the same way, higher extraction efficiency for all the
analytes was obtained using 10 mL of solvent.

4.1.2 Analytical methods

Several chromatographic techniques have been described for the determination of
PAE in food matrices. GC–MS is the most common analytical method for detecting
and measuring PAE in food. Since all PAE have similar spectra, it is difficult to iden-
tify which PAE is present in a complex sample; however, GC–MS/MS was shown to
have several advantages. GC–FID and GC–electron capture detection are alternative
techniques.

In general, the majority of methods for the identification and quantification of
PAE in food matrices involve GC coupled with MS, MS/MS or FID. However, un-
equivocal confirmation of PAE can be achieved using MS/MS. Ostrovsky et al. [65]
studied a method for the determination of total PAE (DMP, DBP, DEHP, DDP and
DEP) in fatty foods using GC–FID, with the limit of detection (LOD) and limit of
quantification (LOQ) of 0.4 (2.1) and 1.2 (6.2) µg/g, respectively. The method has
proven sufficiently sensitive for the determination of all PAE in real samples.

GC/MS in combination with the sample pretreatment of ACN extraction and
a silica/N-(n-propyl)ethylenediamine-mixed SPE column was used for the determi-
nation of 17 PAE in edible vegetable oil. Recoveries ranged from 78.3% to 108.9%
for all PAE and the method detection limits were 0.1–0.2 mg/kg [66].

Cavaliere et al. [67] used GC–MS/MS for the unequivocal confirmation and
quantification of DMP, DEP, DBP, BBP, DEHP and DnOP at low LOD in fatty matri-
ces (olive oil). Results revealed the presence of DBP, BBP and DEHP at higher con-
centrations in refined oils and lower levels in extra virgin oils.

HPLC might also be employed in combination with UV detection or MS/MS.
HPLC–UV was used for the determination of DAP, dipentyl phthalate (DPP),

DIBP, di-sec-octylphthalate and DnOP in mineral water, juice and milk samples.
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The LOD of the method was between 0.2 and 1.2 ng/mL for water and juice samples,
and between 2.5 and 5.0 ng/mL for milk samples, and values were comparable with
those of other reported methods for the determination of PAE [68].

Mortensen et al. [69] developed an analytical procedure for the determination
of six PAE monoesters (monomethyl phthalate, MEP, MBP, MBzP, MEHP and mono-
isononyl phthalate) in human milk, consumer milk and infant formula using liquid
chromatography (LC)–MS/MS. Detection limits were in the range of 0.01–0.5µg/L.
Recovery and repeatability showed that the method is robust and reliable for com-
plex matrices.

Over the last few years, there have been reports of the determination of PAE in
wine and dried baby food matrices using GC–ion trap MS [70, 71]. Direct analysis in
a real-time ion interface was also shown to be effective in several applications in-
cluding the analysis of food products and food packaging materials [72, 73]. Guo
et al. [74] developed a method for the determination of DBP in wine via flow-
injection chemiluminescence analysis. The method was based on the quenching
effect of DBP on the luminol–myoglobin chemiluminescence system. Chen et al.
[75] studied the determination of DEHP in drinks using membrane filtration enrich-
ment and diffuse reflectance UV spectroscopy.

PAE may be present in food as a result of migration from FCM or via contact
with printing inks or adhesives applied to plastic materials that contain PAE. The
PAE are not covalently bound to the polymer; therefore, migration of these com-
pounds from packaging into food may occur, especially when they are in contact
with fatty foods. However, food contamination by PAE can occur during processing,
handling and transportation, or due to its widespread presence as an environmen-
tal contaminant, which can be found in water, soil, air and food [76].

Over the last few years, several cases of PAE contamination of food products
have been reported. These notifications are reported by the Rapid Alert System for
Food and Feed (RASFF). In Europe, the RASFF system allows an effective exchange
of information between the European Union member states regarding the risks
identified in food, feed or FCM.

Since 2010, 45 notifications involved the migration of PAE from food packaging
materials. DEHP is the most widely used PAE in diverse applications including food
packaging and was involved in more than half of the notifications (24 notifications).
Other PAE involved in the notifications were DiNP (nine notifications), DBP (four
notifications), DPHP (two notifications) and DiDP (one notification). In 2015 and
2016, the number of RASFF notifications for PAE from FCM decreased to four, com-
pared with the 2010 and 2011 that registered eight and 14 notifications, respectively
[77] (see Table 4.3).

The SML for some PAE and other plasticisers are detailed in Regulation (EU)
No. 10/2011 on plastic materials and articles intended to come into contact with
food. When there are no SML or other restrictions, a generic SML of 60 mg/kg is
applied [78].
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The migration of PAE is influenced by a number of factors, such as the fat con-
tent of the food, time and temperature of contact, the polymer type and concentra-
tion of plasticiser in the material, and the length of the storage period [79].
According to the literature reviewed, the PAE most commonly found in several food
products was DEHP.

Fierens et al. [80] evaluated the effect of cooking at home on the levels of eight
PAE (DMP, DEP, DIBP, DBP, BBP, DEHP, DCHP and DnOP) in various food types
(starchy products, vegetables, meat and fish). Food products were analysed before
as well as after cooking and, in general, PAE concentrations in food declined after
cooking, the exception being in vegetables. In the same way, DEHP was the most
abundant compound, before as well as after cooking, followed by DIBP and BBP. In
another study by the same authors, the occurrence of DMP, DEP, DIBP, DBP, BBP,
DEHP, DCHP and DnOP in 400 food products and packages sold on the Belgian
market was explored. DEHP was the most abundant compound (concentrations
ranged from not detectable up to 5,932 µg/kg in fish products), followed by DIBP,
DBP and BBP [81].

In 2013, Bradley et al. [82] developed a methodology for the determination of
15 PAE diesters [DMP, DEP, diisopropyl phthalate, DAP, DBP, DIBP, DPP, di-n-
hexyl phthalate (DHP), BBP, DCHP, DEHP, DnOP, DDP, DiDP and DiNP] in food-
stuffs purchased in England (high-fat, high-carbohydrate and high-protein
matrices). Of the 261 foodstuffs tested, PAE were confirmed to be present in 77
samples. The highest incidence was for DEHP (66 samples) with the highest

Table 4.3: PAEs RASFF notifications since 2010.

RASFF notifications

Year

Compound       

DEHP      

DiNP   

DEHP + DiNP  

DBP + DEHP  

DEHP + bis(-ethylhexyl)
terephthalate (DOTP)



BBP + DEHP 

Di(-propylheptyl) phthalate
(DPHP)

 

DIDP + DiNP 
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concentration in an oil sample (6,447 μg/kg). However, the highest levels found
were for the isomeric mixture DiNP in certain samples. In this study, additional
PAE DIBP (bread, oils and fats, nuts and cereal), DBP (bread, oils and fats, nuts,
meat products, cereal, fish and carcass meat), BBP (bread) and DEP (cereal) were
reported to be present.

Cao et al. [83] investigated the occurrence of 20 PAE (DDP, di-n-undecyl phthal-
ate, DMP, DEP, DEHP, DIBP, DBP, DPP, DHXP, di-(4-methyl-2-pentyl) phthalate,
DCHP, BBP, DnOP, DNP, bis(2-n-butoxyethyl)phthalate, bis(2-ethoxyethyl) phthal-
ate, bis(2-methoxyethyl) phthalate, dibenzyl phthalate, DPRP and DAP) in 159 com-
posite food samples used in the 2013 Canadian Total Diet Study. Only six of the 20
PAE were detected, and the highest incidence was for DEHP (111 samples), followed
by DBP (44 samples), (BBP) (32 samples), DIBP (27 samples), DEP (three samples)
and DCHP (one sample). Levels of DEHP ranged from 14.4 to 714 ng/g but the high-
est levels were found in the vegetable and fruit samples. The presence of DEHP in
some vegetable samples could be from packaging materials; however, contamina-
tion could be also from the environment. In general, the levels of DEP, DIBP, DBP,
BBzP and DCHP were low. Table 4.4 shows conventional LC and GC methods re-
ported for the analysis of PAE in foods.

Other studies of PAE determination in food simulants have also been reported.
Moreira et al. [98] analysed the migration of DBP and BBP from plastic food contain-
ers into liquid food simulants (ultrapure water) during microwave operation; for
this purpose, SPME was used prior to GC–MS analysis. Results showed that there
was a greater migration of PAE in containers with a prolonged time of use, which is
related to the increased heating time.

Perez-Outeiral et al. [99] developed a method based on ultrasound-assisted
DLLME followed by solidification of floating organic drop and GC–FID for the determi-
nation of five PAE (DBP, BBP, DCHP, DEHP and DnOP) in food simulants [3% (w/v)
acetic acid, 20% (v/v) ethanol] and liquid samples (water, vinegars, wines, soft drinks
and sangria). The influence of different extraction parameters was investigated,
including selection of extraction solvent, centrifugation and cooling conditions, dis-
persant, volume of extraction solvent, effect of pH, time and temperature. Results
showed that time and temperature were not significant in the studied analytes; how-
ever, pH was found to be an important factor that might affect extraction efficiency as
it affects the solubility of the analytes in the aqueous phase; as a result, the pH range
2–12 was selected.

Packaging made of recycled fibre materials, such as paper and paperboard,
was found to be another source of PAE contamination in food. Gartner et al. [100]
evaluated the migration of PAE in infant food packed in recycled paperboard, and
the main contaminant in infant foods was DIBP (20.3 ng/g). However, PAE DIBP,
DBP, DEHP and DiNP were also detected in food samples. The authors concluded
that the application of appropriate secondary-packaging foil could prevent the con-
tamination of foodstuff.
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On the other hand, in 2014, Gao et al. [101] developed an SPE–HPLC method for
the separation and quantification of DMP, DEP, DPRP, BBP, DIBP, DCHP, DAP, DHP,
DnOP and DEHP released from food paper packaging materials using food simulants
[distilled water, 3% acetic acid (w/v), 10% ethanol (v/v) and 95% ethanol (v/v)].

The main problem associated with PAE analysis was an issue with the blank.
The analysis of blanks is fundamental to avoid false-positives or overestimated re-
sults. Due to its presence as an environmental contaminant, PAE contamination
may be encountered during the analytical procedure.

In order to minimise this problem, several precautions are taken during sample
preparation and chromatographic analysis. The cleaning procedure of laboratory
equipment is strictly controlled prior to use, all glassware used in the procedure
must be rinsed and thermal treatment at 400 °C applied. In the same way, the use
of plastic material is avoided and it is recommended that a sample preparation pro-
cedure is comprised of minimal steps in order to minimise potential sources of PAE
contamination [76, 82, 102].

4.2 Alternative plasticisers

Other than PAE, a number of substances have been identified as alternative plasti-
cisers, which offer different properties to polymeric materials. These alternatives in-
clude citrates, sebacates, adipates, phosphates and epoxy esters.

Adipates can be blended with PAE for PVC applications, and the desirable prop-
erties of adipates include low viscosity, higher gelation and fusion temperature.
One of the most common adipates is DEHA, which is an organic compound pre-
pared via the esterification of adipic acid with 2-ethyl hexanol [103]. DEHA is widely
used as a plasticiser in flexible PVC films as well as in coatings, adhesives and
printing inks. DEHA can be used as a substitute for PAE in PVC applications, in-
cluding films employed in food wrapping material. In this sense, people may be ex-
posed to DEHA through its migration from FCM. A TDI of 0.3 mg/kg has been
established for DEHA [103–105].

Citric acid esters are mainly used as plasticisers in polymers such as PVC and
cellulose acetate. Citric acid is the starting material for a number of citrate plasticis-
ers. One of the most common citrates is acetyl tributyl citrate (ATBC), a compound
compatible with PVC and other food contact polymers, and it can be used as
a replacement for DEHA or DEHP. Other citrates include acetyl triethyl citrate and
tributyl citrate [103, 106].

Sebacates are alternative plasticisers having good compatibility with a PVC ma-
trix. Dioctyl sebacate is one of the most important sebacates and is widely used as
a plasticiser because it provides excellent low-temperature flexibility to elastomers.
Dibutyl sebacate (DBS) is other sebacate, principally used as a plasticiser in film
coatings (10–30%) [103].
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Phosphate esters are used as plasticisers in order to enhance the flame retard-
ancy of flexible PVC. Examples of this compound include phosphoric acid, triethyl
ester (TEP) and phosphoric acid and triphenyl ester (TPP) [103].

Epoxidised soybean oil (ESBO) is another alternative plasticiser, resulting from
the epoxidation reaction of soybean oil. This compound is widely used as
a plasticiser and heat stabiliser in PVC formulations including FCM. Gaskets of the
lids for glass jars may also contain ESBO in their formulation [107].

Terephthalate esters have emerged as a safe alternative for traditional plasticis-
ers. In particular, DEHT is used as a substitute for DEHP in several applications,
including medical and FCM [108].

Another alternative plasticiser with similar technical properties to DEHP is diiso-
nonyl cyclohexane-1,2 dicarboxylate (DINCH), a chemical compound with a specific
migration rate lower than DEHP and is used in a range of applications (medical prod-
ucts, toys, food packaging materials, printing inks and protective coatings, among
others) [109]. Table 4.5 includes some alternative plasticisers and their applications.

Just like PAE, alternative plasticisers used in food contact applications are also
involved in RASFF notifications, and since 2010, 46 notifications have been re-
ported. ESBO was involved in 36 notifications (see Table 4.6). Most ESBO notifica-
tions are in relation to the migration from lids of jars containing different food
products. Other plasticisers involved in the notifications were DINCH, DEHA, ATBC
and DOTP [77].

The migration of plasticisers from FCM has been determined mainly by GC–FID
or MS [78, 115]. Other methods reported in the literature for the determination of
migrating plasticisers include LC, pyrolysis GC–MS, ultraperformance LC (UPLC)–
MS/MS and online LC–GC with FID [83–85, 116–118].

Goulas et al. [119] studied the migration of DEHA from food-grade PVC film into
hard and soft cheeses. DEHA migration was determined by GC–FID. High levels of
DEHA were found in all three cheese samples tested (345.4 mg/kg for Kefalotyri
cheese, 222.5 mg/kg for Edam cheese and 133.9 mg/kg for Feta cheese).

In 2007, a kinetic study of the migration of DEHA and ATBC from PVC film into
sweetened sesame paste (halva) samples was carried out. A PVC film containing
DEHA (5.3%) and ATBC (3.0%) was used to wrap halva samples, and the determina-
tion of both plasticisers was achieved using GC–FID. The equilibrium content of
DEHA in halva (81.4 mg/kg halva) corresponded to a loss of 54.7% DEHA from the
PVC film, while the equilibrium content of ATBC in halva was 36.1 mg/kg, corre-
sponding to a loss of 42.7% ATBC from the PVC film [120].

Fankhauser-Noti et al. [107] investigated the migration of ESBO and other plas-
ticisers in food packed in glass jars with metal closures. ESBO and epoxidised lin-
seed oil (ELO) were analysed by LC–GC–FID while the other PVC additives/
plasticisers were determined using GC–MS; 64% of the gaskets contained ESBO as
the principal plasticiser, followed by PAE (22%). Concentrations found in food prod-
ucts were 1,170 mg/kg for ESBO, 270 mg/kg for DiNP, 740 mg/kg for DiDP, 825 mg/kg
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for DEHP and 180 mg/kg for DEHA. Furthermore, elevated concentrations of
DINCH, 2-ethylhexyl palmitate, stearate and ELO were found.

Ezerskis et al. [121] determined polyadipates (PAD) and other plasticisers in
PVC gasket seals and in fatty food (pesto, tomato sauces, olive oil and olives in oil)
by GC–MS. ESBO was the principal plasticiser in gaskets (15–42%), while DiDP was
found in three samples as the main plasticiser (37–41%). DBS, DEHP, DEHA and di-
(2-ethylhexyl) sebacate (DEHS) were also found in the gasket samples. In the case
of food samples, ESBO was detected with an average concentration of 61.3 mg/kg.
DEHP was detected in six food samples ranging from 2.5 to 8.7 mg/kg. DEHA, DEHS
and DiDP were nondetectable in all the food samples analysed.

Suman et al. [122] developed a methodology for the determination of ESBO–chloro-
hydrins (as methyl esters) in food sauces using UPLC–ESI–MS/MS. There were positive
results for 18-E-OHCl chlorohydrins, whereas no traces of 18-2-OHCl chlorohydrin were
found. Table 4.7 shows LC and GC methods reported for the analysis of plasticisers in
foods.

The migration of plasticisers into food simulants has also been reported in sev-
eral studies [79]. The effect of gamma radiation on the migration of DEHA and ATBC
plasticisers from PVC film into the food simulant isooctane was studied by Zygoura
et al. [133]. Results showed that the migration level increased with increasing irradi-
ation dose and contact time; in the same way, DEHA migrated rapidly into isooc-
tane compared with ATBC.

Bueno-Ferrer et al. [134] evaluated the migration of ESBO in food simulants (fat
and aqueous); for this purpose, samples of PVC were prepared with three different
concentrations of ESBO (30%, 40% and 50%) . Results showed that the migration

Table 4.6: RASFF notifications of plasticisers since 2010.

RASFF notifications

Year

Compound       

ESBO       

ESBO + (cyclohexanedicarboxylic
acid diisononyl ester – DINCH

 

DINCH 

ATBC + DEHA + DINCH 

(ESBO) + -ethyl hexyl palmitate
and stearate (EHOL)



Bis(-ethylhexyl) terephthalate
(DOTP)
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of ESBO into fat simulants (olive oil) was high (2,100 mg/kg of ESBO for the sample
with 30% of ESBO, and even higher values for the other samples). Conversely,
ESBO was not detected in the migration study performed using distilled water. In
this investigation, some commercial lids were also analysed and GC–MS was used
for plasticiser determination. Other plasticisers such as ATBC, dioctyl adipate and
DBS were also determined in real samples. Migration analysis from three commer-
cial lids showed that ESBO exceeded the legal migration limits in two samples,
while in the other sample the migration of ATBC exceeded the legal migration limit.

Lambertini et al. [116] used LC–MS to quantify the main plasticisers used in the
PVC closure gaskets for metal lids. The analysis of gasket composition showed that
their formulation was mainly based on ESBO or PAD. DMP, DEP, DBS, diethyl seba-
cate, ATBC and 2,3-diacetoxypropyl 12-acetoxy-octadecanoate were also detected in
some cases.

This study also monitored plasticiser migration into sauces placed in contact
with the lids under worst-case storage conditions. In all cases, a small amount of
DBS migrated into the sauce in the first 3 months, ATBC concentration did not
change from the third month to the end-of-shelf life.
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5 Photoinitiators

5.1 General aspects of photoinitiators

Photoinitiators play an important role in the curing process of polymeric materials.
These compounds absorb ultraviolet (UV) light and generate reactive species (free
radicals or ions, usually cations), which are capable of initiating the curing process
(polymerisation) [1].

Photoinitiators are an alternative to thermally decomposing initiators (thermal
polymerisation process), which offer the advantage of defining the exact start and
end points of the polymerisation process via the duration of the irradiation period,
as the process of photoinitiator decomposition is strongly dependent on the UV
light intensity. In addition, the photocuring process offers a high rate of polymeri-
sation at low-temperature operation, shortened cure times, lower energy require-
ments, solvent-free formulation and reduction of volatile organic compound
emissions [2].

Because of the advantages of this process, photopolymerisation is widely used
in several applications such as inks, adhesives, coatings, varnishes, photolithogra-
phy, dental materials, electronics, orthopaedic biomaterials, cosmetics and many
others. The selection of a photoinitiator is dependent on the application. UV-curing
printing inks and coatings are widely used in food-packaging applications and are
normally applied to the exterior of flexible food packaging or paper and board sec-
ondary food packaging. UV curable varnishes are widely used on food cartons and
labels [3]. In addition to photoinitiators, various additives such as light stabilisers,
dyes and fillers can be added in order to improve the final properties of the
photopolymer.

During the photopolymerisation process, monomers combine to create
a polymer upon irradiation with UV light. There are two main types of photoinitia-
tors: free radical and cationic photoinitiators, that is, a photoinitiating system cre-
ates free radicals or cations under UV radiation, which react with monomers and/or
oligomers. In general, the polymerisation process comprises four main steps: initia-
tion by active centres, propagation, chain transfer and termination [4].

Photoinitiated radical polymerisation is most commonly used for industrial ap-
plications, in comparison to cationic photopolymerisation. A variety of free radical
photopolymerisation materials have been commercialised, including methacrylate
monomers and oligomers. Free radical photopolymerisation systems offer many ad-
vantages, including higher polymerisation rates, short-cure time processes in the
absence of a solvent under ambient conditions and flexible monomer chemistry,
among others. However, oxygen is an inhibitor of free radical photopolymerisation
and several methods have been applied to mitigate oxygen inhibition, including
the use of Type II photoinitiators, increasing UV radiation intensity, curing in an

https://doi.org/10.1515/9783110648065-005
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inert atmosphere, addition of oxygen scavengers, the use of dye sensitisers, the use
of surface active initiators and the use of a high photoinitiator concentration [5].
Free radical photopolymerisation involves the generation of active species (free rad-
icals) through the absorption of UV or visible light (initiation). During propagation,
oligomers and monomers add to the growing polymer chain (propagation), which
eventually stops growing and begins the formation of a new polymer chain (chain
transfer) and finally, polymerisation stops when two growing polymer chains react
with each other (termination) [5].

There are two main types of free radical photoinitiators, that is, Type I and
Type II. The reaction mechanisms of free radical photoinitiators are well estab-
lished. Types I and II photoinitiators have different mechanisms by which initiating
radicals are formed [4, 6]:
– Type I photoinitiators (direct cleavage): after light absorption, the photoinitia-

tor undergoes unimolecular bond cleavage (usually α-cleavage) to generate free
radicals.

– Type II photoinitiators (bimolecular reaction): after light absorption, the photo-
initiator (excited state) reacts with a coinitiator or synergist to generate free
radicals.

Table 5.1 lists the main families of Types I and II photoinitiators.
Cationic photopolymerisation has undergone a slower development compared

with that of free radical photopolymerisation. However, in recent years, there has
been significant progress in the application of these photoinitiators due to their
great potential and several advantages. Contrary to free radical photopolymerisa-
tion, cationic processes are not inhibited by oxygen and the initiating species are
Brønsted or Lewis acids (usually chemically stable for a long time); however, cat-
ionic photopolymerisation may be inhibited by bases and water (acting as a chain
transfer agent). This technique can be used to polymerise monomers that cannot be
polymerised by free radicals (vinyl ethers, epoxides, siloxanes, propenyl ether, cy-
clic sulfides, lactones and lactams, among others). Most widely used are diaryliodo-
nium salts (absorption at 220–270 nm) and triarylsulfonium salts (strong
absorption at 220–230 nm and weak around 300–325 nm) [4, 6, 8]. During this type
of photopolymerisation, the cationic photoinitiator forms a cation, as a result of ex-
posure to UV radiation or visible light. The cation initiates the polymerisation pro-
cess and termination is usually controlled by a diffusion mechanism. Some
examples of free radical and cationic photoinitiators are listed in Table 5.2.

The European Union (EU) does not have specific regulations for printing inks for
food contact materials (FCM). However, Specific migration limit (SML) for some photo-
initiators are established in European Commission Regulation 10/2011 on plastic materi-
als and articles intended to come into contact with food [9]. An EU Member State
developed laws relating to inks for food packaging; the Swiss authorities drew up an
ordinance for materials and articles in contact with food (SR 817.023.21). This document
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details certain provisions relating to packaging inks and permitted substances, which
are listed in Annex 1 (lists I, II and III) and in list V of Annex 6 (Part A: evaluated substan-
ces and Part B: nonevaluated substances) [10].

On the other hand, in 2013, the European Printing Inks Association published
a list of Photoinitiators for Low Migration UV Printing Inks and Varnishes that con-
tains 123 photoinitiators classed into two large groups: group 1 (for all packaging
types) and group 2 (only for packaging such as some metal packaging where trans-
fer/migration of <10 ppb or other required limits can be achieved) [11].

5.2 Migration of photoinitiators

The UV-curing inks that are used in food applications usually have complex compo-
sitions, and basically contain a mixture of oligomers, monomers, pigments and
photoactive compounds, called photoinitiators. Printing inks are commonly used on
the external side of FCM, or between one of the outer layers of a multilayer
material.

The printing process involves the use of several techniques, which are also ap-
plicable to food-packaging materials. The most commonly used technologies for
printing include offset, flexography, gravure printing and ink-jet printing. Of these
techniques, offset printing and flexographic printing are the most frequently used
methods for printing paper and cardboard FCM [12].

Components from the printing inks can migrate into packaged foodstuffs; in ad-
dition, the migration of ‘nonintentionally added substances’ derived from printing
inks can also occur. These can be reaction products of ink components or created
by the reaction of inks with other packaging components [13].

The migration of photoinitiators can occur in different ways: 1) the direct trans-
fer of compounds from the printed surface of the food packaging via diffusion, that
is, low MW compounds may diffuse through the food contact packaging and mi-
grate into the foodstuff, 2) ‘set-off’ migration refers to the transfer of chemicals from
the printed side of a packaging material to the food contact surface (unprinted
side). Migration ‘set-off’ normally occurs when stacking or rolling packaging mate-
rials prior to packaging food products and 3) indirect transfer via the vapour phase
can also occur [13–15].

In Europe, notifications regarding the migration of photoinitiators from FCM
into food are made through the Rapid Alert System for Food and Feed (RASFF).
This system was created with the aim of providing a rapid exchange of information
between EU Member States with relation to national controls on food and feed
products.

In September 2005, an RASFF notified case of public concern involved the
Italian authorities detecting a photoinitiator, isopropylthioxanthone (ITX), in baby
milk from Spain. This compound was a component of the UV-cured ink used on the
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packaging. Contamination of ITX in milk products packed in Tetrapack is probably
the result of the set-off phenomenon, because aluminium layers do not allow ink
component migration through packaging material. In December 2005, ITX was also
found in olive oil, wine and fruit juices [15, 16].

Between 2000 and 2011, more than 100 alerts relating to the migration of photoini-
tiators have been reported by the RASFF system. In 2012 and 2013, no notifications in-
volving photoinitiators were reported; however, since 2014, four notifications have
been reported [BP migration (3 notifications) and BP + 2,2-dimethoxy-2-phenylaceto-
phenone (1 notification)] [17, 18].

The migration of photoinitiators is a concern to public health. In fact, the toxic-
ity of BP, a photoinitiator widely used in several applications, has been investi-
gated, with a focus on certain aspects including genotoxicity, carcinogenicity, as
well as oestrogenic and antiandrogenic activities. The results of experimental stud-
ies showed that BP has no genotoxic potential; however, damage to the liver and
kidney has been reported in carcinogenicity studies [19].

On the other hand, results of the toxicological evaluation of ITX and 2-ethylhexyl-
4-dimethylaminobenzoate (EHDAB) in FCM showed no genotoxic potential for ITX
and EHDAB; the latter is also not teratogenic. Exposure to ITX and EHDAB can
occur from food and beverages packaged in cartons printed with UV offset inks
[20].

Other more recent studies of thioxanthone derivatives (2-ITX, 4-isopropylthiox-
anthone (4-ITX), 2,4-diethylthio xanthone, 2-chlorothioxanthone and 1-chloro-4-
propoxythioxanthone) have shown endocrine-disrupting activities at the level of
nuclear receptor signalling and steroid hormone production [21].

Driven by the toxicological concern regarding photoinitiator migration, several
analytical techniques have been developed for the analysis of photoinitiators and
their by-products in packaging materials, food and food simulants. Gas chromatog-
raphy (GC) and liquid chromatography (LC) techniques are often applied to study
the migration of certain photoinitiators from printed food-packaging materials. Of
these, LC coupled to diode array detection (DAD), fluorescence detection (FLD),
mass spectrometry (MS) or tandem mass spectrometry (MS/MS) is the most com-
monly used analytical technique for the determination and quantification of photo-
initiators in FCM and food products.

GC combined with MS or MS/MS and flame ionisation detection (FID) are also
employed for the determination of photoinitiators in food products.

Jung and Simat [22] developed a method involving high-performance liquid
chromatography (HPLC) with DAD method for the screening of 63 monomeric and
polymeric photoinitiators and amine synergists in eight food-packaging materials
(plastic, paper, cartonboard) printed with printing inks and/or varnishes. Detection
limits ranged between 0.02 and 5.5 μg/dm2. Results showed that the method was
suitable for the determination of photoinitiators and amine synergists in food-
packaging materials as well as for the analysis of food simulants.
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Sun et al. [23] developed a method based on LC–MS/MS, suitable for detecting
low levels of ITX in different matrices (acidic juices to fatty milk and yoghurt drink
samples). The detection limit was 0.15 µg/kg and recoveries ranged from 97% to
103%. ITX was detected in 7 of the 39 food samples at concentrations between 0.53
and 84.30 µg/kg.

In 2010, Koivikko et al. [24] used HPLC–DAD to determine BP, 4-MBP and re-
lated derivatives [benzophenone acrylate (BPAcr) and PBZ] in paperboard food
packaging. Chromatographic analyses were performed using an Eclipse XDB–C18
column (250 mm × 4.6 mm × 5 µm) and acetonitrile (ACN) and water as the mobile
phase, employing a gradient mode. The most abundant compound found in tested
samples was BP (59% of the samples) followed by 4-MBP (30%), BPAcr (9%) and
PBZ (7%). The identification of compounds was confirmed with GC–MS.

Bradley et al. [25] used GC–MS to detect 20 printing ink compounds in 350 food-
stuffs (snacks, sweets, chocolates, biscuits and crisps, bakery products, baking ingre-
dients, cereals, frozen products, rice and pasta, desserts, gravy/cooking sauces,
teabags, fruit juice, sandwiches and other foods) packaged in printed paper/board.
Chromatographic separation was achieved with a ZB-5ms (30 m × 0.25 mm × 0.25 µm)
column and the oven temperature was programmed to increase from 100 to 320 °C.
The injection was in splitless mode. The migration of several printing ink com-
pounds, such as BP, 4-MBP, MBB, 1-hydroxycyclohexyl-phenyl-ketone (HCPK), ethyl-
4-dimethylaminobenzoate (EDMAB) and EHDAB, was detected. BP was confirmed to
be present in 37 foodstuffs in concentrations ranging from 0.01 to 2.46 mg/kg.

Table 5.3 lists GC and LC methods reported for the analysis of photoinitiators in
foodstuffs, packaging materials and food simulants.

Others authors have used high-performance thin layer chromatography (HPTLC)
coupled to FLD, ESI–MS and DART–MS. HPTLC is a simple, robust and effective tech-
nique in the quantitative analysis of compounds [47]. Over the last few years,
a technique called DART has also been used and its advantages include that it does
not require sample treatment; however, this technique is not highly quantitative [48].
Micellar electrokinetic chromatography (MEKC) with DAD was recently applied with
successful results for the determination of photoinitiators in fruit juice [49].

For the analysis of photoinitiators in food matrices, extraction and clean-up
procedures are generally required to avoid matrix interference. Several methods
have been reported in the literature for photoinitiator extraction from food prod-
ucts, including LLE, SPE, SPME, pressurised liquid extraction (PLE) and QuEChERS.

LLE, using ACN or hexane as the extractant, is frequently used for the extraction
of photoinitiators from food matrices, especially from liquid and fatty samples. In
2008, Benetti et al. [37] published a method based on the ACN extraction of ITX from
dairy products, employing LC/MS. In the same year, Sanchez Silva et al. [50] used
ammoniac and hexane to extract six photoinitiators [1-hydroxycyclohexyl-1-phenyl
ketone (Irgacure® 184), benzophenone, ethanone, 2,2-dimethoxy-1,2-diphenyl- (9CI)
(Irgacure® 651), 1-propanone, MTMP (Irgacure® 907), quantacure ITX and quantacure
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EHDAB] in milk samples. The extract was analysed by HPLC–UV and results were
confirmed using LC–MS.

Conventional SPE was also reported for photoinitiator determination; SPE was
applied to extract five ink photoinitiators (ITX, BP, EHDAB, Irgacure® 184 and
EDMAB) in packaged food beverages. GC–MS was used for analyte quantification
and LC–MS/MS to confirm the presence of BP [51].

SPME is a solvent-free extraction technique chosen by some authors. Negreira
et al. [52] developed a method based on the SPME technique for the determination
of seven ink photoinitiators in packed milk samples. A GC–MS system was used for
analyte determination. Using microextraction techniques, performance was affected
by the characteristics of the sample; however, no differences were observed among
different milks with the same nominal fat content. Recently, Liu et al. [34] used
SPME combined with a simple method of protein precipitation prior to GC–MS anal-
ysis to simultaneously determine 10 photoinitiators in milk.

Other extraction techniques such as PLE have also been used for the analysis of
these compounds. Sagratini et al. [53] developed a method for ITX determination in
fruit juices, based on the use of PLE, prior to LC–ESI–MS analysis. PLE conditions
were optimised and recovery values of 73% were obtained using a mixture of hex-
ane/acetone (50:50) with a 50% flush volume at 100 °C and 1,500 psi for 5 min
static time in one cycle.

Gil-Vergara et al. [54] checked the extraction efficiency of PLE and conventional
LLE for the analysis of ITX and EHDAB in milk and milk-based beverages. Results
showed that PLE using ethyl acetate as a solvent without a further purification
method was suitable for milk samples with good recoveries.

Nowadays, because of its simplicity and a minimal number of steps, some au-
thors have used the QuEChERs method to determine photoinitiators in food matri-
ces. Gallart Ayala et al. [55] employed an LC–MS/MS method using a QuEChERS
extraction for the determination of 11 UV photoinitiators in packaged foods.

Other extraction techniques such as dispersive liquid–liquid microextraction
(DLLME) and cloud point extraction (CPE) have also been used for the analysis of
photoinitiators.

DLLME is a simple novel method, based on the dispersion of an extraction sol-
vent and a disperser solvent in an aqueous solution. Zhang and Jiao [49] developed
a technique composed of DLLME and MEKC with DAD for the determination of
seven photoinitiators in fruit juice. Methanol was chosen as the dispersant and
1,1,2-trichloroethane (C2H3Cl3) as the extractant. Recoveries from 85.6% to 124.7%
were obtained.

CPE is another extraction alternative for photoinitiators, which is a promising
technique that employs nonionic surfactants, with advantages such as a high pre-
concentration factor and relatively low toxicity. Thus, as an alternative to SPE,
QuEChERS and LLE methods, Ding et al. [56] developed CPE based on Tween® 20
for the extraction and preconcentration of 4-MBP in milk samples prior to analysis
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by HPLC. The recovery of 4-MBP was satisfactory, and no matrix interference was
observed in the complex milk samples.

In addition to the analysis of photoinitiators in foodstuffs, the migration of
these compounds in food simulants from plastic and paper materials has also been
reported. Because of the complexity of food matrices, migration assays are per-
formed using food simulants, which are less complex than food. However, migra-
tion studies in both foodstuffs and food simulants are expensive and resource
consuming. In order to avoid these procedures, it is possible to use mathematical
diffusion models to predict the migration process. One of the most commonly used
mathematical models for studying the migration process in food-packaging materi-
als is derived from Fick’s second law, which describes the diffusion phenomena.
Mathematical models allow the calculation of two key parameters in the migration
process: the diffusion coefficient (the rate at which the migrant moves in the poly-
mer matrix) and the partition coefficient between the polymer and the food (the
thermodynamic equilibrium of the migration process) [57, 58].

Barnkob and Petersen [59] studied the migration of BP from paperboard into the
food simulant Tenax. Kinetic migration was performed at a constant temperature of
34 °C with three relative humidities between 39% and > 73%. Quantification of BP
was performed using GC–MS. Diffusion and partition coefficients were calculated
using MIGRATEST software for modelling migration in multilayer materials. Results
showed that BP migration after more than 30 days was higher at a relative humidity
(RH) of > 73% compared with a RH of 64–71%. In the same way, diffusion and parti-
tion coefficients between paperboard and Tenax decrease with increasing RH.

Zhang et al. [60] developed a method based on supercritical fluid chromatogra-
phy combined with a photodiode array detector and MS/MS to evaluate the migra-
tion of 13 photoinitiators [BP, ahydroxycyclohexylphenylketone (Darocure® 184),
EDMAB, 4-MBP, 2,2-dimethoxy-2-phenylacetophenone (Irgacure® 651), OMBB, 2-ITX,
PBZ, 2,2-diethoxyacetophenone, phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(Irgacure® 819), 2-hydroxy-2-methyl propiophenone (Darocure® 1173), TPO and
Irgacure® 907] from PE food packaging using five different food simulants (10% eth-
anol, 3% acetic acid, 20% ethanol, 50% ethanol and vegetable oil). Results showed
that among all 13 photoinitiators, Irgacure® 907 had the higher migration rates,
while Darocure® 1173, Irgacure® 819 and TPO had the lowest migration rates.
Migration kinetics of photoinitiators showed that migration rates increased with in-
creasing contact time between the packaging and food simulant. In the same way,
the character of the migrants also influenced the migration process.

In order to better understand the mass transfer process, Maia et al. [57] studied
the migration of BP from LDPE to determine the diffusion and partition coefficients.
Migration assays were performed at different time–temperature conditions in real
foodstuffs: liquid food (orange juice, red wine and tomato sauce), solid food
(Gouda cheese, turkey ham and cooked ham) and semisolid food with high viscos-
ity (chocolate spread and pâté). A HPLC–DAD method was used for the analysis of
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BP. The migration process was simulated using a mathematical model based on
Fick’s second law of diffusion. Results showed that the physical state and tempera-
ture of food affected the diffusion coefficients, while the partition coefficient was
affected by, among other things, the food fat content.

In 2017, Cai et al. [61] evaluated the migration of four photoinitiators (BP,
EHDAB, 4-MBP and Irgacure® 907) from four food-packaging materials (kraft paper,
white cardboard, PE-coated paper and composite paper) using Tenax as the food
simulant. To measure the photoinitiator content in Tenax, an LC–MS/MS method was
developed. The Weibull model was used to predict the migration of photoinitiators in
paper-packaging materials. BP was the compound that showed the highest migration
rates, which was to be expected since BP was the smallest of the four compounds.
Results showed that the migration process is influenced by the lipophilicity and the
MW of photoinitiators.

UV printing inks are widely used in the printing of plastics and metal sheets
(nonabsorbent materials) and are mainly composed of monomers, oligomers, pig-
ments, additives and photoinitiators. Because of the different requirements of the
finished printed product, the content of the individual ink component varies con-
siderably; thus, it is also important to consider toxicological and migration
properties.

The risk of the packed food becoming contaminated by one or several of the
printing ink components is always present. Add to this the fact that many of the
substances used in inks for food packaging have not been evaluated with regard to
their toxicological properties. Of the ink components, photoinitiators have perhaps
been the substances most evaluated; thus, they have been found in a variety of
food products as a result of their migration from printed packaging materials.

The food-packaging industry, including inks, is continuously innovating, so
that new materials used in the formulation will need to be assessed for toxicological
and migration potential.
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6 Other chemical substances from
food contact materials

6.1 Other bisphenol-related compounds

Bisphenol A (BPA) is a chemical compound that has been the focus of concern over
the last decade, regarding its use in food contact materials (FCM). Analogue com-
pounds, that is, molecules containing two hydroxyphenyl groups, are suspected of
being used instead of BPA, and therefore could be present in food if migration oc-
curs. Some examples are shown in Figure 6.1.

Bisphenol F {4-[(4-hydroxyphenyl)methyl]phenol, CAS 620-92-8} is the lower
molecular weight (MW) monomer present in phenol formaldehyde resins.
Moreover, it is used in plastic adhesives and other nonfood contact applications [1].

Bisphenol S (BPS) (4,4ʹ-sulphony diphenol, CAS 80-09-1) has two hydroxy-
phenyl groups linked by a sulfonyl group and has been suspected of being used to
replace BPA. According to Regulation European Union (EU) 10/2011, BPS is author-
ised for use as a monomer to produce FCM plastics and has a specific migration
limit of 0.05 mg/kg [2].

For all other bisphenol analogues, there is a lack of information regarding their
use and industrial production; however, most of them have been found in several
foods and due to the similar toxic effects to BPA, further research is needed con-
cerning the presence of these compounds in foods and FCM [1].

For the determination of these bisphenolic compounds, high-performance liq-
uid chromatography with ultraviolet (UV) and/or fluorescence detectors could be
used, but liquid chromatography (LC)–tandem mass spectrometry MS/MS (using
negative electrospray ionisation) has shown its applicability in items such as house-
hold waste paper [3], biological samples [4] and foodstuffs [5], and could be used to
investigate their presence in FCM.

6.2 Fluorinated substances (perfluorochemicals)

Perfluorinated compounds, namely, poly- and perfluoroalkyl substances (PFAS),
have hydrophobic and oleophobic properties and are used because they serve as oil
and water repellents. Moreover, they possess great thermal and chemical stability.
For this reason, they are employed in a wide variety of applications, comprising, for
instance, coatings made by polytetrafluoroethylene (PTFE), which is a material
with a high melting point (327 °C) and so confers stability and resistance [6]. From
a FCM point of view, PFAS are mainly present in nonstick cookware and coated
papers [7].
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PFAS are a very large group of different chemical compounds; perfluorooctane
sulfonate (PFOS) and perfluorooctanoic acid (PFOA) are the most important com-
pounds of PFAS and the perfluoroalkyl carboxylates (PFCA), respectively. They have
been described as persistent compounds and accumulate in food and the environ-
ment, and are thus a health concern. In fact, PFOS production and use has been
banned by the Stockholm Convention on organic pollutants since 2009 [8, 9].
Fluorinated telomer alcohols (PTOH) and polyfluoroalkyl phosphates (PAP) are used
as precursors in the manufacture of PFAS and should also be taken into consideration
when PFAS are monitored and/or evaluated [10]. PFAS are also used in fluorochemi-
cal-treated paper that is extensively used in the fast-food industry due to its improved
resistance [11]. The bioaccumulation of long-chain PFAS (alkyl chain of eight carbons
or longer) has been demonstrated in the liver, immune system and reproductive
organs, where the most toxicity was observed. PFCA is a family of compounds
with well-characterised toxic effects; however, PTOH needs further evaluation [9].
Disruption of reproductive development and the endocrine system as well as tumour
promotion were some toxicological effects reported for PFOS congeners [10].

Low MW PFAS (short-chain compounds, i.e., less than C6) could be an alterna-
tive because they are not bioaccumulative; however, their toxicity needs to be fur-
ther explored [9].

Some works suggest that fluoropolymer FCM are not the main source of food
contamination, whereas coated paper (e.g., popcorn bag paper and hamburger
bags) used in contact with warm food could contribute to the presence of PFAS in
food [6, 11].

PFOA was detected in microwave popcorn bag papers in higher quantities
(0.3 mg/kg bag) than in PTFE cookware [6]; cookware treated with fluoropolymers
has also been analysed [12], but PFOA was not detected after cooking experi-
ments. Recently, different samples (wrapping paper, breakfast bags, baking paper
and roasting bags) were analysed and PFCA and PFAS were detected in the range

Figure 6.1: Some analogue compounds related to BPA.
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of 0.02–6.2 pg/cm2, with PFOA being the most frequently identified PFCA and
PFOS the most frequently identified PFAS [13].

PFAS do not have any chromophore group and are nonvolatile; therefore,
LC–tandem mass spectrometry (MS/MS) is the analytical technique most utilised to
quantify these compounds at very low levels in foods and also in FCM [8].

Zabaleta et al. recently identified and quantified numerous PAP, along with
their intermediate and degradation products. Besides several PFAS, different chain
length fluorotelomer saturated acids and fluorotelomer unsaturated acids, consid-
ered intermediates of PFAS precursors, were detected in food contact samples.
Among the PFCA, those of short chains (C4–C8) were detected in samples collected
in Europe and America (up to 820 ng/g), while samples from Asia contained mainly
long-chain PFCA (C8–C16) (PFOA up to 56 ng/g). This reveals that while in Europe
and America long-chain PFCA are being replaced by short-chain PFCA, in Asia the
presence of long-chain PFCA is still an unresolved issue [14].

6.3 Primary aromatic amines

The migration of primary aromatic amines (PAA) has been reported from polyure-
thane (PU)-based laminates [15] and also from kitchen utensils [16]. The occurrence
of PAA can originate from the use of diisocyanates in PU adhesives or in the azo
dye colourants employed in Nylon kitchen utensils [6].

Some of these aromatic compounds are classified by the International Agency
for Research on Cancer in group 1 (carcinogenic to humans), group 2A (probably
carcinogenic to humans) and group 2B (possibly carcinogenic to humans) [17].
Figure 6.2 shows some examples of PAA.

PU adhesives, used in laminated films, printing inks and lacquers, are polymer-
isation products of polyols and diisocyanate monomers. PAA could be present in
food if the free isocyanate aromatic monomer persists after the polymerisation pro-
cess, migrating to the food and producing aromatic amines if water is present [7].

Migration assays have shown that PAA are also found in Nylon kitchen utensils.
These utensils (frequently black) can contain azo dyes that are organic colourants
containing chromophore azo groups that are prepared from aromatic amines [16].
4,4ʹ-MDA and aniline were the PAA found at higher concentrations in most migra-
tion experiments. It has also been suggested that 4,4ʹ-MDA could be used during
polyamide production to improve its thermal stability [18].

European legislation has established that the levels of PAA in food or food sim-
ulants should not be detectable (i.e., 0.01 mg/kg), except for those that are listed in
Regulation EU 10/2011 [European Commission (EC), 2011] [2]. Since the first case
was reported in 2004 to date, approximately 300 notifications have been published
by different European countries reporting high levels of these compounds, mainly
in utensils imported from Asia [19].
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There are several published analytical methods that achieve the detection limit
required by European legislation. A spectrophotometric method has been used, as
well as chromatographic methods including LC–UV and gas chromatography (GC)–
MS, with LC coupled to MS gaining success due to the unequivocal identification of
the PAA detected and the low detection limits reached [7]. However, over the last
few years, high-resolution MS in combination with LC has been used for the analy-
sis of these compounds [8].

6.4 Mineral oil hydrocarbons

Mineral oil hydrocarbons (MOH) are a varied group of substances that include
molecules containing saturated and/or unsaturated hydrocarbons and display
a linear, branched or cyclic structure; they are very complex mixtures with different
carbon atoms and structures. The term mineral oil saturated hydrocarbons (MOSH)
involves open chain alkanes (straight and branched), that is, paraffins and naph-
thenes (largely alkylated cycloalkanes); mineral oil aromatic hydrocarbons (MOAH)
are also included in MOH. Moreover, they are available from technical to food and
analytical grades, with different compositions mainly regarding the MOAH content
(technical-grade MOH contains 15–35% MOAH, whereas the MOAH content is negli-
gible in food-grade MOH) [20].

A large number of products include MOH, for example, cleaning agents, per-
sonal care products and so on. They are used not only in FCM, mainly recycled
paper and board, but also in plastics, adhesives and printing inks, among others.
Thus, FCM is one of the sources of exposure to these compounds and, due to
the above-mentioned uses, MOH are environmental contaminants. Furthermore,

Name Abbreviation CAS N° Structure IARC Group

2B

1

2B

1

2B

2B119-93-7

101-77-9

92-87-5

101-80-4

62-53-3

95-80-72,4-Toluenediamine 2,4-TDA

o-To-Toluidin

4,4ʹ-Diaminodiphenylether

Benzidine

4,4ʹ-Methylenedianiline

3,3ʹ-Dimethylbenzidine

4,4ʹ-DPE

4,4ʹ-MDA

3,3ʹ-DMB

BNZ

Figure 6.2: Examples of PAA.
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food-grade MOH are listed as food additives (E905) and are also used during the
processing of foods (i.e., release agents) [20].

The migration of these compounds from FCM was recently related to paper and
cardboard, often recycled, and the migration process involves the gas-phase trans-
port of the compounds, with dry foods seemingly the most susceptible [21]. The
German Federal Ministry of Food and Agriculture has elaborated a draft to establish
the maximum content of MOH components in recycled cardboard for food contact
applications: 2 mg/kg for MOSH (compounds between n-C20 and n-C35) and 0.5 mg/kg
for MOAH (compounds between C16 and C35) [8].

In line with this, the EC published Recommendation EU 2017/84 [22] asking the
Member States to monitor MOH in a wide variety of foods and also in their FCM. Thus,
the European Food Safety Agency (EFSA) should be informed of the obtained results;
moreover, all interested parties (i.e., food manufacturers, processors and so on) have
been asked to provide the EFSA with all data available on MOH.

6.5 Nanoparticles

Nanoparticles (NP) (all external dimensions in the size range of 1–100 nm), when
incorporated in a material, modify and frequently enhance material characteristics
such as transparency, gas and moisture barrier properties, and antimicrobial prop-
erties. For this reason, they have been included in different products by several in-
dustrial sectors including medical, cosmetics, electronics and so on. Within the
food-packaging sector, engineered nanoparticles (ENP) are often incorporated into
active and intelligent packaging designed to increase the shelf life of foods and to
improve its safety [23].

The addition of ENP to the polymer can be via embedded, fixed or bonded
forms. Besides ENP, nanofibres (the third dimension is larger) or nanoplates (two
external dimensions are larger) can also be incorporated [24].

The main question that arises from the use of ENP in FCM is if these particles
are able to reach the food in contact with the FCM. If migration occurs, the risk of
the use of these FCM needs to be evaluated [25].

Numerous publications refer to the evaluation of silver migration from polymer
nanosilver composites, but the results reported are quite different. Some authors sug-
gest that one reason for such variable migration values could be the special redox
behaviour of silver (that could lead to the formation of other chemical species) and/
or the physical alteration of the food contact surface (e.g., by an impact) [26].

Regarding the analysis of NP migration from FCM, the most commonly used
analytical technique is inductively coupled plasma (ICP)–MS due to the low con-
centrations of NP expected; however, it has the drawback that it can only determine
the total elemental concentration in the migration solution. By using single particle
ICP–MS, the ionic and nanoforms of a particle can be discriminated and particle
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size distributions obtained. Moreover, no sample preparation is needed; however,
this analytical technique has only been applied to migration solutions. Electron mi-
croscopy techniques have also been applied to evaluate the migration of NP; in
these cases, information regarding the size and shape of the NP is obtained and fur-
thermore, smaller particles can be detected. Because of the higher concentrations,
some additional steps in sample preparation could be required (centrifugation and
evaporation), which can create artefacts that lead to overestimated or underesti-
mated results [24].
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7 Non-intentionally added substances

7.1 Chemical aspects and analysis of nonintentionally
added substances

Food contact materials (FCM) can release substances into food and beverages to
which the consumer will be exposed to through their diet. These substances can be
intentionally added substances (IAS) or nonintentionally added substances (NIAS).
The latter may be present in the final product as impurities of the monomers, addi-
tives or starting substances, as contaminants, or could be degradation or reaction
products. In this context, the Commission Regulation (EU) No. 10/2011 on plastic
materials and articles intended to come into contact with food establishes that “any
potential health risk in the final material or article arising from reaction and degra-
dation products should be assessed by the manufacturer in accordance with inter-
nationally recognised scientific principles on risk assessment.”

Particular attention has been paid to NIAS with a molecular weight (MW) below
1,000 Da, as it is generally recognised that components with a molecular mass
above 1,000 Da are not absorbed by the gastrointestinal tract and therefore should
not represent a risk to consumer health.

In addition to plastic, NIAS have also been identified in other FCM such as
paper and cardboard, adhesives, inks and so on.

The determination of NIAS (identification and quantification) is an extremely
complex task; this is due to, among other reasons, the fact that in most cases the
composition of the formulations used in the manufacture of FCM is not fully known
or because of the complexity of the packaging (e.g., multilayer materials), as well
as considerations relating to chemical analysis.

Advanced analytical techniques, namely, gas chromatography (GC)–mass spec-
trometry (MS) for volatile and semivolatile compounds, and liquid chromatography
(LC) coupled to MS for nonvolatile compounds have been applied to address the
challenge of identifying NIAS [1–4]. Figure 7.1 shows a scheme of an analytical
procedure to evaluate NIAS.

Several research papers have been devoted to the development of analytical
methodologies for the identification of NIAS in materials intended to be in contact
with food. New approaches for the nontarget analysis of packaging materials have
also been investigated. Here is a summary of some examples found in the scientific
literature.
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7.1.1 Plastic materials

7.1.1.1 Polyethylene, polypropylene, ethylene vinyl alcohol, polyethylene
terephthalate and polyvinyl chloride

In a recent application, the combination of GC coupled to time-of-flight (ToF), with
an electron ionisation source, and hybrid quadrupole time-of-flight (Q-ToF) mass an-
alysers, with an atmospheric pressure chemical ionisation source, was explored for
the nontarget analysis of multilayer trays made of polypropylene (PP)/ethylene
vinyl alcohol (EVOH)/PP and a PP/aluminium foil/PP multilayer film. Samples were
subjected to a migration test with Tenax and isooctane. The chromatographic sepa-
ration was performed on a fused silica HP-5 MS capillary column (30 m × 0.25 mm
ID and a film thickness of 0.25 μm). Bis(2-ethylhexyl)phthalate and dibutyl phthalate
were found in both simulants, which are compounds commonly used as plasticisers
that are included in the European Union (EU) positive list along with their specific
migration limit. However, most of the compounds detected were nonregulated sub-
stances such as 2,4-di-tert-butyl-phenol and 2,6-di-tert-butyl-p-benzoquinone, which

Packaging material

Extraction and Analysis

Migration Test

GC–MS

SemivolatilesVolatiles

• HS • Solid–liquid
extraction

LC–MS

Nonvolatiles

• Solid–liquid
extraction• SPME

• P&T, etc.

• Selection of food simulant (liquid simulants, Tenax)
• Selection time–temperature conditions

GC–MS

Analysis

Exposure Assessement (Deterministicmethodologies,
probabilistic modelling tools)

Risk Assessement (TTC, CoMSAS, etc.)

Figure 7.1: Scheme of an analytical procedure to evaluate NIAS (CoMSAS: complex mixture safety
assessment strategy; HS: headspace; P&T: purge and trap; SPME: solid-phase microextraction and
TTC: threshold of toxicological concern).
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have been described as degradation products of the antioxidants Irgafos® 168 and
Irganox® 1010, and have been identified as NIAS in different works. Other com-
pounds identified were p-tolyl disulphide and diethyl disulphide, which are a rubber
accelerator and a by-product during the production of ethanethiol, which is used as
a starting and intermediate compound in plastics production, respectively [5].

Bach et al. [6] used GC coupled with ion-trap MS to determine IAS and NIAS
released from polyethylene terephthalate (PET) bottles into water, produced as a re-
sult of the effect of temperature. A Rxi-5ms column (30 m × 0.25 mm ID; 0.25 μm)
with a deactivated precolumn (5 m × 0.53 mm) was used as the stationary phase.
Among the compounds identified, the concentration of 2,4-di-tert-butylphenol in-
creased two-fold due to the effect of temperature, and bis(2-hydroxyethyl)tere-
phthalate was also identified as an NIAS.

In another example reported by Panseri et al. [7], polyvinyl chloride (PVC) and
polyethylene (PE) films for wrapping cheeses were analysed using HS-SPME and
GC–MS to determine the presence of volatile organic compounds. A divinylbenzene–
carbovax–polydimethylsiloxane fibre showed the best results and was chosen for
further analysis. The chromatographic separation was performed on a Rtx-Wax
column (30 m × 0.25 mm ID; 0.25 μm film thickness, Restek, Bellefonte, PA, USA).
Different classes of compounds such as hydrocarbons, aldehydes, ketones, alcohols,
esters and so on were identified in the material samples. For instance, 2-ethylhexa-
nol and triacetin were found in PVC-based films but were not found in PE films. The
authors noted that these compounds can probably be considered as NIAS. Cheese
samples wrapped with the plastic films were also analysed and 2-ethylhexanol was
detected in the cheese samples. Triacetin and ethylbenzene were also found in
wrapped cheese samples, but not detected in unwrapped ones.

An in-depth study devoted to the nontarget analysis of migrants from FCM, in-
cluding polyolefin (PO) drinking bottles, water boilers, polyamide (PA) cooking
utensils and plastic multilayer materials, was carried out by the Norwegian Food
Safety Authority for surveillance purposes [8]. PO bottles, comprising low-density
PE, high-density PE and PP, were exposed to water under different time–tempera-
ture conditions to evaluate the migration. The analysis of volatile compounds was
performed using P&T and GC–MS and semivolatile compounds were determined by
solid-phase extraction GC–MS. Substances included in the EU positive list such as
benzophenone ethyl benzoate and caprolactam were identified; however, other
compounds not included were also detected, for example, 2,4-di-tert-butylphenol
and 2,6-di-tert-butylbenzoquinone, which are degradation products of Irgafos®

168 and Irganox® 1076, or 7,9-di-tert-butyl-1-oxaspiro[4.5]deca-6,9-diene-2,8-dione,
which could arise due to the degradation of the Irganox®-type stabiliser. With re-
gard to plastic kettles, 2,4-di-tert-butylphenol was the prevailing migrant and its
concentration increased upon successive exposure to water. Aniline and diphenyl-
amine were detected in the migration from PA cooking utensils, and the latter has
been reported as an impurity or a degradation product of the stabilisers in PA.
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Derivatives of pyridine with low MW have also been identified as degradation
products of PA; cyclopentanone derivatives are thermal degradation products
that originate during polymerisation. Plastic laminates are complex materials
that contain adhesives, printing inks and so on, among others; hence, the poten-
tial migrants include a large variety of compounds, and in the samples analysed,
N-ethyl-toluenesulfonamide was the predominating migrant.

7.1.1.2 Polyamide
PA is a polymeric material commonly employed in articles and packaging intended
to be in contact with food. PA can be synthesised from amino carboxylic acids or
lactams as a starting substance, or another type of PA can be obtained by means of
the condensation of diamines and dicarboxylic acids. PA6, obtained by hydrolytic
or anionic polymerisation, and PA66 synthesised via the polycondensation of 1,6-
diaminohexane and adipic acid are some of the PA frequently used in FCM [9].
During the synthesis of PA, cyclic oligomers are formed that can migrate into the
food, and so it is necessary to evaluate them. Heimrich et al. [9] developed a
method based on high-performance liquid chromatography (HPLC) coupled with a
chemiluminescence nitrogen detector (CLND) to determine cyclic oligomers in PA
used in FCM. Different PA-based granulates were analysed, namely, PA6, PA6/
PA66, PA MXD6 and a PA6I/6T copolymer. First, the materials were submitted to
dissolution/precipitation with trifluoroethanol and methanol before analysis. The
chromatographic conditions were as follows: a reversed-stationary phase (RP18)
and a gradient elution system consisted of 0.1% formic acid in water and methanol.
Cyclic oligomers of up to n = 9 and n = 14 were detected by HPLC–CLND in PA6 and
PA6/PA66 granulates, respectively, and for higher oligomers LC coupled to MS was
required. In the case of PA MXD6 and PA6I/6T since they are semiaromatic PA, cy-
clic oligomers can also be identified by HPLC–ultraviolet (UV) (λ 260 nm and λ
250 nm).

7.1.1.3 Polycarbonate and Others
In the study reported by Simoneau et al. [10], several materials used as substitutes
of polycarbonate (PC) in the manufacture of baby bottles were analysed with the
aim of identifying potential migrants. The materials evaluated were PA, polyether
sulfone (PES), PP, silicone, a copolyester (commercially named TritanTM) and PC
baby bottles were also analysed. Migration assays were performed under hot-fill
conditions (2 h, 70 °C) and using the food simulant indicated for milk, that is, 50%
ethanol (v/v). Among the substances identified in PP bottles, some are not included
in the European Community positive list as they are NIAS, such as the case of 2,4-
di-tert-butylphenol, which could be a degradation product of Irgafos® 168; other
substances not included in the positive list and that the authors also identified were
2-propenamide, 2-methyl-N-phenyl and N-butylbenzenesulfonamide. Cyclododecene
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was identified in PA bottles, and it has been reported that this compound could be
an intermediate in the synthesis of monomers used in the production of PA, co-PA
and polyesters. In some samples, Bisphenol A (BPA) was unexpectedly found, al-
though it was branded as ‘no BPA’. On the other hand, no significant migration was
observed in the bottles made of TritanTM or PES.

More recently, Onghena et al. [11] also evaluated the migration from plastic
baby bottles that have replaced those of PC, specifically PP, PES, PA, TritanTM, sili-
cone and stainless steel. GC coupled to MS triple quadrupole and a DB-5ms
(30 m × 0.25 mm × 0.25 μm) column was used to perform the analyses. Ethanol
(50% v/v) was also selected as the food simulant, and the migrants were subse-
quently extracted using ethyl acetate–n-hexane (1:1). Baby bottles were sterilised
prior to the migration assays (2 h at 70 °C). A huge variety of compounds were iden-
tified in the materials analysed, and as per the study reported by Simoneau et al.
[10], 2,4-di-tert-butylphenol and 2,6-di-tert-butylbenzoquinone were found, as well
other substances not present on the positive list such as 2-butoxyethyl acetate, ace-
tophenone and naphthalene. PES was the material with a low migration rate. In a
later work [12], the authors studied the migration under ‘real-life’ conditions, that
is, using a microwave, sterilisation and dishwasher. The authors concluded that
after continued use of the baby bottles under these ‘real’ conditions, the migration
of relevant substances would not increase.

Bignardi et al. [13] applied ultra high-performance liquid chromatography
(UHPLC) and electrospray ionisation (ESI) quadrupole OrbitrapTM high-resolution
mass spectrometry (HRMS) for targeted and untargeted analysis of PC-based FCM.
Additives such as antioxidants and UV absorbers were selected as target compounds,
a C18 Acclaim

TM PepMapTM rapid separation liquid chromatography (150mm × 0.3mm,
2.0 μm particle size) column and a binary mobile phase consisting of 1 mM ammo-
nium formate in methanol:water (10:90 v/v) and 1 mM ammonium formate in metha-
nol were used in the analysis. Additionally, a screening was also carried out with the
aim of identifying NIAS, PC degradation products and organic colourants. With re-
spect to the latter, all the compounds found were in the list of dyes frequently used
in the manufacture of FCM and are classified as “solvent colourants”; however, sev-
eral oligomers of PC were also detected.

7.1.1.4 Polyester
Polyester materials are currently undergoing extensive research as the use of this
polymer in FCM is increasing and it is expected that the number of applications in
this field will grow.

Brenz et al. [14] proposed a method that involved alkaline hydrolysis in an
organic solvent, followed by the analysis of monomers from polyester-based
FCM. Polyester acids were analysed by HPLC–diode array detection (DAD) using
a C18-ether column and a gradient composed of 0.1% (v/v) trifluoroacetic acid in

7.1 Chemical aspects and analysis of nonintentionally added substances 139

 EBSCOhost - printed on 2/13/2023 1:56 AM via . All use subject to https://www.ebsco.com/terms-of-use



water and acetonitrile (ACN); the selected wavelengths were 210, 220, 240 and
275 nm. However, polyester polyols were determined by GC–MS and the compounds
were separated on a polyethylene glycol, Optima WAXplus® (30 m × 0.25 mm ID and
0.5 μm) column. The polyester monomer composition varies depending of several fac-
tors including the type of FCM, for example, in PET samples, some of the compounds
found were isophthalic acid, diethylene glycol and 1,4-cyclohexanedimethanol. In
some cases, diethylene glycol can be considered as an NIAS when it is not inten-
tionally added. Conversely, terephthalic acid and 1,4-butanediol were determined in
polybutylene terephthalate samples. Regarding polyester-based resins for coatings,
terephthalic acid and isophthalic acid were the main acids, with trimellitic acid as
the crosslinking agent; furthermore, very low amounts of phthalic acid could be pres-
ent, although the authors pointed out that, as described elsewhere, this compound
could be an impurity of terephthalic acid, in which case it would be an NIAS. In an-
other resin that was analysed, the authors also found adipic acid. With respect to
polyols, there were large differences between the resins analysed; some of the sub-
stances identified include neopentyl glycol, ethylene glycol, 2-methyl-1,3-propanediol
and diethylene glycol.

In a different study, several techniques, including GC–MS, HPLC–DAD/MS,
HPLC–DAD/charged aerosol detector and UHPLC tandem HRMS, were applied to
investigate unknown compounds from polyester can coatings. Samples were
extracted with ACN and with ethyl acetate under different time–temperature condi-
tions and subsequently analysed using the above-mentioned techniques. A total of
29 nonvolatile oligomers were tentatively identified, and the results suggest that
isophthalic acid, terephthalicacid and nadic acid are the base monomers of the
polyester used for the coating. The authors reported direct analysis in real-time
HRMS as a powerful technique to analyse the samples directly, and applied it suc-
cessfully to determine the previously identified oligomers [15]. In a later work, the
migration of the monomers and oligomers, tentatively identified from the can
coatings, into different food simulants [water, 3% acetic acid (w/v), 10% ethanol
(v/v), 50% ethanol (v/v), and isooctane] was monitored for a long time period (515
days). The results reported an increase of the concentration of several migrants
over time, particularly in ethanolic food simulants [16].

7.1.1.5 Epoxy, acrylic phenolic and polyvinyl chloride coatings
A similar approach was applied to evaluate the migration from epoxy and acrylic
phenolic coatings into food simulants. BPA, Bisphenol A diglycidyl ether (BADGE),
BADGE derivatives and benzoguanamine were identified as potential migrants.
Additionally, two unknown compounds were also selected to be monitored during
the migration assay. The authors found that in the 50% ethanol (v/v) simulant, the
concentration of migrants increased after the 10th day of testing, that is, the migra-
tion of compounds continued after the conventional test period [17].
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A novel method to explore potential migrants from PVC-coated cans was devel-
oped by Vaclavikova et al. [18], who used UHPLC–quadrupole OrbitrapTM/MS.
Several compounds such as benzoguanamine, oleamide, erucamide, acetyl tributyl
citrate (ATBC), phthalates and adipates, among others, were identified and their
migration into food simulants evaluated. The results showed that in the two simu-
lants tested [water, 3% acetic acid (w/v)] the concentration of benzoguanamine in-
creased during the migration test, which was performed for a long period (1.5 years).

7.1.2 Biodegradable packaging

Over the past few years, the use of biodegradable materials has gradually been
replacing petroleum derivatives due to environmental concerns.

In an example reported in the literature, the identification and quantification of
NIAS from a biodegradable adhesive has been illustrated [19], using UPLC–ESI–Q-
TOF–MSE and GC–MS. A reversed-phase C18 column and a gradient of methanol
were the conditions selected for the UPLC analysis and a HP-5MS column
(30 m × 0.25 μm × 250 μm) for the GC analysis. The migration tests were performed
with simulant ‘E’ [poly(2,6-diphenyl-p-phenylene oxide) (Tenax)]. The GC–MS
results revealed the presence of 1,6-dioxacyclododecane-7,12-dione, which is
reported elsewhere as a degradation product in resins and could be considered as
an NIAS. Regarding nonvolatile compounds, four unknown compounds were
detected, 1, 6,13,18-tetraoxacyclotetracosane-7,12,19,24-tetraone, 1,6,13,18,25,30-
hexaoxacyclohexatriacontane-7,12,19,24,31,36-hexone, 1,6,13,18,25,30,37,42-octaox-
acyclooctatetracontane-7,12,19,24,31,36,43,48-octaone and 1,6,13,18,25,30,37,42,49,
54-decaoxacy clohexacontane-7,12,19,24,31,36,43,48,55,60-decaone. The author-
spointed out that these compounds and 6-dioxacyclododecane-7,12-dione could
be neo-formed compounds as a result of the interaction of some volatile and non-
volatile compounds identified in the material. Two of these neo-formed compounds,
1,6-dioxacyclododecane-7,12-dione and 1,6,13,18-tetraoxacyclotetracosane-7,12,19,24-
tetraone, and an IAS, 2,4,7,9-tetramethyl-5-decyne-4,7-diol, migrated into Tenax.

7.1.3 Printing inks

Printing inks are commonly employed to print the external face of food packaging.
Several studies have reported the migration of ink components, such as photoinitia-
tors, by direct contact, through the vapour phase or by the set-off phenomenon
[20–22]. Besides the known substances, formulations may also contain NIAS, such
as impurities, reaction products and so on, which should be evaluated.

In a recent study, Aznar et al. [23] investigated the migration of components
from multilayer materials containing inks into two food simulants, Tenax and 95%
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ethanol (v/v). UPLC–Q-TOF–MS was used to perform the analysis and the com-
pounds were separated on a C18 column (2.1 × 100 mm, 1.7 μm particle size) using
a binary mobile phase consisting of water with 0.1% formic acid (A) and methanol
with 0.1% formic acid (B). MS data were acquired in the positive ion ESI mode.
The composition of multilayer materials evaluated in the work comprised PET,
ink, adhesive, aluminium, gloss lacquer, matt lacquer and PE, and the other mate-
rial comprised oriented PP, aluminium, adhesive, ink, paper, matt lacquer and
PE. Several migrants from the ink were identified, for instance, plasticisers such
as sebacates, ATBC and so on, glycol ethers, cyclic polyesters such as 1,4,7-trioxa-
cyclotridecane-8,13-dione, which has been reported as an NIAS in materials pro-
duced with polyurethane (PU) adhesives. The authors also evaluated the effect of
lacquer on the migration of ink components by the set-off phenomenon and, in
general, they found that the lacquer reduced the transference of substances.
Regarding the paper-based multilayer materials, some of the migrants detected
were the same as those identified in the other materials, such as ATBC, cyclic
polyester and so on; however, three new compounds were also identified, that is,
oleamide, stearamide and behenamide. Furthermore, the effect of adding lacquer
resulted in a reduction of the migration of some compounds but an increase of the
migration of other compounds.

7.1.4 Adhesives

The components and potential migrants, including NIAS, from adhesives have been
extensively investigated. Several scientific papers have been devoted to identifying
the presence of NIAS in adhesives.

In a study reported by Félix et al. [24], HS-SPME–GC–MS together with
ChemSpider and SciFinder databases were used for the identification of NIAS from
different samples of PU adhesives in multilayer materials; plastic films including
PET, PA, PP, PE and PE/ethyl vinyl alcohol were also analysed. In addition, migration
tests using Tenax and isooctane as food simulants were also performed. The authors
reported the identification of more than 63 volatile and semivolatile compounds.
Among them, two NIAS were identified, 1,6-dioxacyclododecane-7,12-dione and 1,4,7-
trioxacyclotridecane-8,13-dione. The former was found in different samples of PU ad-
hesives and, as described in the paper, it was formed by the cyclisation of the
degradation products of the alkyl part; the latter was detected in PU adhesives
as well as in the plastic films of PET and oriented PA. Both compounds migrated
into the two food simulants.

Pezo et al. [25] identified up to 40 NIAS using Q-TOF/MSE in different multilayer
packaging containing several PU adhesive formulations. Some examples of the
NIAS identified were 1,8,15-triazacycloheneicosane-2,9,16-trione, 1,3-bis(isocyanato-
methyl)-cyclohexane, 1,4,7,18,21-pentaoxa-11,14,25,28-tetraazacyclohentriacontane,
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1,8,15,22-tetraazacyclooctacosane-2,9,16,23-tetrone, 1-cyanodecane and caprolactam
cyclic hexamer, among others. It is interesting to point out that the NIAS identified
in the materials were also found in the 3% (w/v) acetic acid food simulant after the
migration assay.

In a work conducted by Canellas et al. [26], the atmospheric pressure gas
chromatography (APGC) coupled to Q-TOF/MS technique was investigated as an
alternative and powerful tool to identify NIAS. The authors applied this technology
to successfully analyse acrylic adhesives used in food packaging materials.

Later, the same authors, Canellas et al. [27], published a study in which they
used the APGC–Q-TOF/MS technique to identify volatile migrants in pressure-sensi-
tive adhesives, which is applied as autoadhesive labels and used for direct contact
with food. Among the migrants detected in the samples, an NIAS was identified,
methyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoate, which is a degradation prod-
uct of the antioxidant Irganox® 1076 and is commonly used in adhesive formulations.
Migration studies were performed to test the potential migration of the chemicals into
food. For that purpose, two food simulants were selected, Tenax and isooctane. Since
these types of autoadhesive labels are, in general, employed for sausages or cured
meat, natural pork intestine filled with isooctane was used to carry out the migration
test in order to mimic real conditions. The results obtained with Tenax led to underesti-
mation of the migration, while those obtained with isooctane as the simulant led to an
overestimation, leading the authors to conclude that it would be interesting to conduct
the migration assays in real food samples.

In another study carried out by Isella et al. [28], the nonvolatile compounds pres-
ent in PU adhesives and potential migrants were studied. UPLC–Q-TOF/MS and the
ChemSpider database were used for identification purposes. Methanol extracts of the
adhesive and the antistatic additive were analysed, and the compounds were separated
on an Acquity UPLC ethylene-bridged hybrid C18 column of (100 mm × 2.1 mm,
1.7 μm particle size). Several NIAS including 1,6-dioxacyclododecane-7,12-dione dimer,
1,4-dioxacyclotridecane-5,13-dione, 1,4,14,19-tetraoxacyclopentacosene-5,13,20,25-tet-
raone, 1,4-dioxacyclotridecane-5,13-dione, bis[2-(diethylamino)ethyl] 4,4'-[(2-methyl-
1,3-propanediyl)bis(oxycarbonylimino)] dibenzoate and bis[2-(diethylamino)ethyl] 4,4'-
[1,5-pentanediylbis(oxycarbonylimino)] dibenzoate were identified, among others.
The latter compounds could be degradation products or by-products formed dur-
ing the curing process. The migration assays were carried out in Tenax and the
results revealed that some of the compounds previously identified had migrated
into the food stimulant.

UPLC–ESI–TOF–MS and UPLC–ESI–high-definition mass spectrometry (HDMS)
were the techniques selected by Canellas et al. [29] to investigate potential nonvola-
tile migrants from acrylic adhesives. The adhesives were extracted with ACN and
subsequently, the resulting extracts were analysed by UPLC using a C18 column
(2.1 mm × 100 mm, 1.7 μm particle size) as a stationary phase. During the first step,
a TOF mass spectrometer with ESI in a positive and negative mode were applied;
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in the second step, to identify single compounds and to obtain the fragmentation of
each single mass for structural elucidation, HDMS and the MassFragmentTM tool
were used. Among the compounds identified were nonionic surfactants such as
octyl phenol ethoxylate and nonylphenol ethoxylate (NPEO). However, in the case
of NPEO, only the small polymers with low masses migrated into Tenax.

In a different work, Aznar et al. [30] studied the composition of different types
of adhesives employed in food packaging using HS-SPME–GC–MS as the analyti-
cal technique and Tenax as the food simulant for migration tests. The samples
used in the study included PU, acrylics and vinyl adhesives, among others. Fifty-
five different compounds were detected and 33 identified, such as isocyanates,
like toluene-2,6-diisocyanate, in PU adhesives, phthalates, like dibutyl phthalate
and 2-ethylhexyl phthalate, in vinyl adhesives or abietic acid derivatives in hot-
melt adhesives. Other compounds like butylated hydroxytoluene (BHT) were
found in PU, vinyl and hot-melt adhesives.

7.1.5 Paper and board

Paper and cardboard are usually employed in food-packaging materials either as
primary, secondary or tertiary packaging. In a recent work, Guazzotti et al. [31] per-
formed a screening analysis using GC–MS in order to identify potential migrants in
several samples of paper and board including packaging for takeaway foods and
also primary and secondary packaging. Prior to GC–MS analysis, samples were
extracted with a mixture of ethanol–hexane (1:1) for 2 h at room temperature. The
chromatographic separation was performed on a DB-5ms (30 m × 0.25 mm ID, film
thickness 0.25 μm) column. The compounds identified were classified into six
groups: aliphatic and cyclic hydrocarbons, aromatics, aldehydes, ketones and
ethers, alcohols and others, with aromatics being the predominant compounds in
the samples analysed. Residues of solvents such as toluene and plasticisers such as
diisobutyl phthalate and diisopropylnaphthalenes were found in corrugated and
printed packaging, whereas triacetin was the main compound in plastic-laminated
packaging materials.

A novel approach for the safety assessment of unknown NIAS from carton sam-
ples, some of which were intended to come into contact with food, has been reported
by Koster et al. [32]. The valuable tool (CoMSAS) allows discrimination between toxi-
cologically relevant and less relevant substances, at low exposure levels. This
approach uses an exposure threshold of 90 μg/day, instead of the conventional limit
of detection of 10 μg/kg for migrants from FCM, and substances above this value
must be identified. Several techniques were used for the screening analysis, namely,
GC–MS for volatile and semivolatile compounds, and to analyse nonvolatiles by GC–
MS a derivatisation step was carried out with N-methyl-N-(trimethylsily)trifluoroace-
tamide, and an LC–UV–evaporative light-scattering detector (ELSD) was used for
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nonvolatile substances. Migration tests were conducted with Tenax as the food stimu-
lant at 60 °C for 10 days. After the migration assay, Tenax was extracted with ether.
An AT-5MS column (30 m × 0.25 mm, 1 μm) was used for volatile compounds,
whereas for semivolatile compounds the column of choice was an AT-5MS column
(30 m × 0.25 mm, 0.25 μm). For nonvolatile and semivolatile substances, a HP-5 MS
VI (30 m × 0.25 mm × 0.25 μm) column was selected. The LC–UV–ELSD method in-
volved the use of Atlantis T3 (150 × 3.0, 5 μm) and a gradient consisting of A) Milli-Q®

water with 0.1% formic acid and B) ACN with 0.1% formic acid as the stationary
phase and mobile phase, respectively. All volatile compounds detected in the carton
were below 90 μg/day. Six semivolatile substances and about 40 nonvolatile (deriva-
tised) substances above 90 μg/day were found, and of the nonvolatile substances
detected by LC–ELSD, none were above 90 μg/day; however, mineral oils were
detected in the underivatised extract.

7.1.6 Silicone materials

Nowadays, silicone articles are being used in different food contact applications.
In a work reported by Helling et al. [33], the migration of different compounds from
silicone materials was illustrated through two example moulds for pizza and baby
teats after long-term and repeated use. The silicone moulds were subjected to
repeated use under regular conditions of use in a pizza bakery and baby teats were
sterilised repeatedly via microwave radiation. The main migrants from silicone ma-
terials were siloxane oligomers; with respect to volatile organic compounds (VOC),
the results revealed that successive use did not produce new low and midsize vola-
tile cyclic oligomers and it was expected that with use, the migration would
decrease. In the case of baby teats, a slight reduction of the VOC released was ob-
served after sterilisation. In another assay, the authors studied the extractable
substances, which were determined and characterised by 1H-nuclear magnetic reso-
nance and chromatographic techniques (GC–MS, HPLC–ELSD, HPLC–MS). After
continued use, a reduction of extractable siloxanes was observed along with an in-
crease of fat incorporated into the mould as a result of contact with the food.
However, no important changes of the amount of extractable siloxanes were ob-
served throughout the assay with the baby teats, but augmented fat incorporation
was observed. The authors note that with respect to migration, silicone moulds for
long-term use are not a cause for concern.

7.1.7 Irradiated food packaging

Food irradiation has recently been applied as a preservation technique to extend
the shelf life of products. As it is sometimes applied to packed food, the process
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may cause changes in packaging resulting in the migration of radiolytic products
(NIAS) into food; hence, it is necessary to check the safety of irradiated packaging.
In a study reported by Driffield et al. [34], analytical screenings were carried out
by HS–GC–MS and LC–TOF–MS in different samples of packaging materials be-
fore and after irradiation. Irradiation was performed using a gamma and electron
beam. An enormous number of compounds were detected by GC–MS; some ex-
amples of the substances formed after irradiation include 1,3-di-tert-butylben-
zene, 2,4-di-tert-butylphenol, acetaldehyde and so on. Concerning LC–TOF–MS
analysis, three of the detected compounds were reported as oxidised oligomers
of polyadipate plasticisers. The authors concluded that at the same dose there
were no important differences between the two types of irradiation with regards
to radiolytic product formed, although, in general, the concentration of products
was higher with gamma irradiation.

In a more recent report, Salafranca et al. [35] evaluated the effect of oxygen and
long-term storage on the volatile compounds liberated from polymeric multilayer
FCM sterilised by gamma irradiation. SPME–GC–MS was the technique of choice to
determine the compounds. In nonirradiated samples, the compounds commonly
identified were alkanes, alkenes and some alcohols, and no important differences
were observed depending on the filling gas used. On the contrary, in irradiated
samples an intense peak corresponding to 1,3-di-tert-butylbenzene was detected.
Another remarkable fact is that the antioxidant BHT, present in nonirradiated sam-
ples, disappeared with its oxidation products [2,6-di-tert-butyl-1,4-benzoquinone,
2,4-di-tert-butylphenol or 7,9-di-tert-butyl-1-oxaspiro(4,5) deca-6,9-dien-2,8-dione]
found in the samples after treatment. The main oxidation products in treated mate-
rials were short chain acids. With regard to the period of storage, no significant
qualitative differences were observed when the samples were stored.

Tyapkova et al. [36] proposed high-resolution GC with olfactometry to deter-
mine the off-odour originating from gamma irradiation of PP. A great number of
compounds were identified in both nonirradiated and irradiated samples. Some ex-
amples of compounds formed during irradiation and detected in the samples were
acetic acid, 2,3-pentanedione, pentanoic acid, 3-methylbutanoic acid and so on,
and these compounds have been reported in previous studies. Additionally, new
compounds reported for the first time, in both types of samples, were also identified
such as (Z)-2-nonenal, (E)-2-nonenal, (E,Z)-2,6-nonadienal, 2-methylpentanoic acid,
2-methylhexanoic acid and so on.

7.1.8 Active food packaging

Active packaging is being used to improve the quality and increase the shelf life
of packaged products by releasing active compounds such as antioxidants or
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antimicrobials, or by removing undesired compounds (i.e., ethylene, oxygen and
so on) from the environment [37, 38]. Like other packaging materials, their safety
must be evaluated so the identification of potential unknown migrants is crucial.

In a study reported by Aznar et al. [39], a novel technology, UPLC–Q-TOF/
MS, was applied to investigate nonvolatile compounds in new antimicrobial ac-
tive packaging. The films studied were based on PP, an EVOH copolymer and
PET. Migration tests were performed using 10% ethanol (v/v) and 95% ethanol
(v/v) as food simulants. With respect to the chromatographic conditions, a C18
(2.1 × 100 mm, 1.7 μm particle size) column and a mobile phase consisting of
water with 0.1% formic acid and methanol with 0.1% formic acid was employed.
Besides the active compounds, NIAS were also examined. The study illustrated
that impurities or degradation products of the active agents can also migrate,
and so it is necessary to identify these unknown compounds. For example, in PP/
EVOH films containing citral, a possible thermal reaction product of this com-
pound was detected in the food simulant and it was identified as 3,7-dimethyl-
2,3-hydroxy-6-octenal.

In another work, the authors also used MS detection with a Q-TOF analyser
to study the unknown compounds in an active packaging based on PET and
ethyl-N-dodecanoyl-L-arginate hydrochloride as the active agent. The food simu-
lants selected for the migration test were the same used in the previous work,
and in addition, the assay was performed in chicken. Some of the compounds
identified were, for instance, N-2-dodecanoyl-L-arginine, which has been re-
ported to be a metabolism degradation compound of ethyl lauroyl arginate, or di-
propylene glycol methyl ether, which came from the coating. Both compounds
were detected in chicken samples wrapped with the active films, in addition to
ethyl lauroyl arginate [40].

A novel approach for the identification of NIAS in antimicrobial nanofilms for
food packaging applications has been reported by Martínez-Bueno et al. [41]. Active
films were prepared with polylactic acid, polylimonene and zinc oxide (ZnO) nano-
particles (NP) as the antimicrobial agents. The migration assays were carried out in
food simulants A [10% ethanol (v/v)] and B [3% acetic acid (w/v)]. To conduct the
study, GC and LC coupled to quadrupole OrbitrapTM mass spectrometers was used;
in addition, inductively coupled plasma–MS was employed to determine ZnO NP.
The liquid chromatographic conditions were as follows: a C8 column and a binary
gradient system based on water, methanol and 5 mM of ammonium formate and
0.1% formic acid. For GC analysis a TG–OCP I (trace gold organochlorine pesticides)
column (30 m × 0.25 mm ID, 0.25 μm) was used. Three volatile (tripropylene glycol
diacrylate, 10-heneicosene and α-tocopherol acetate) and four nonvolatile {N,N-di-
ethyldodecanamide, N-[(9Z)-9-octadecen-1-yl]acetamide, 1-palmitoylglycerol and
glycerol stearate} NIAS were identified. Higher concentrations of ZnO NP were
found in the 3% acetic acid (w/v) food simulant.
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7.2 Risk assessment of nonintentionally added substances

To evaluate the safety of FCM, it is necessary to know the migration of potential com-
pounds from the packaging, which includes substances added intentionally during
the manufacture of the materials and NIAS. How to approach the risk assessment of
NIAS present in FCM is still under discussion. Different methodologies have been
used for the risk assessment of FCM and the TTC concept has been applied for this
purpose. This approach is a screening tool that is used when the toxicity of a sub-
stance is unknown or the information is very limited. To apply this tool, it is neces-
sary to know the chemical structure of the molecule and data regarding human
exposure. It employs the Cramer decision tree that classifies substances according to
their molecular structure into three classes, namely, Class I, II and III for substances
with low, intermediate and high toxicity, respectively. The threshold for Cramer Class
I, II and III are 1,800, 540 and 90 μg/person/day, respectively [1, 42–46].

The CoMSAS is another interesting methodology developed by Koster et al. [32].
In this approach, an exposure threshold of 90 μg/day is used, which corresponds to
the threshold defined for Cramer Class III, whereas the conventional limit of detec-
tion of 10 μg/kg is used for migrants from FCM and substances over this value have
to be identified. One benefit of this approach, from an analytical point of view, is
that the identification can be simplified. Nevertheless, this method supposes that
all the substances present a similar response with different detectors.

In the near future, new tools will be explored for the risk assessment of
unknown substances.
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8 Estimation of exposure to migrants from food
contact materials

The estimation of exposure to chemicals through the diet is of crucial importance to
the food safety field. Nowadays, the majority of foods are commercially packed,
and so the food-packaging materials represent a potential source of contamination
as some chemicals can migrate from the food contact material (FCM) into the food.
Therefore, food-packaging materials should be under risk evaluation via dietary
exposure assessments [1].

Different approaches or methodologies have been developed and applied for
the exposure assessment of migrants from FCM. In the European Union (EU),
a conservative and simple tool is used and is based on the following assumption:
‘1 kg of food is consumed daily by a person of 60 kg bodyweight (bw) and that the
food is packaged in a cubic container of 6 dm2 surface area releasing the substance’
and it is also assumed that migration takes place at a maximum level [2–4]. It is
interesting to point out that although, in general, this supposition represents the
worst-case scenario, in some cases this is not fulfilled, for example, for children, as
has been demonstrated in several studies [3, 5, 6].

Hammarling et al. [5] studied the migration of epoxidised soybean oil (ESBO)
from plasticised polyvinyl chloride (PVC) gaskets into baby food and found that 5%
of the samples analysed exceeded the acceptable level, taking into account the tol-
erable daily intake (established for adults) of 1 mg/kg bodyweight proposed by the
Scientific Committee for Food of the European Commission and a bodyweight of
8.5 kg for an infant of 8 months. Later, Fantoni and Simoneau [6] conducted
a European survey to determine the chemicals in baby food and they observed that
in 14.9% of the samples, the level was exceeded.

More refined methods are required to achieve a more realistic estimation of con-
sumer exposure. The approach employed by the US Food and Drug Administration
(FDA) involves the use of factors. The estimation was performed by combining mi-
gration data with data regarding the use of the food contact articles in which a food
contact substance may be present. As is stated in the US FDA guidance document,
‘the term “consumption factor” describes the fraction of the daily diet expected to
contact specific packaging materials’ and the ‘“food-type distribution” factors are
calculated for each packaging material to reflect the fraction of all food contacting
each material that is aqueous, acidic, alcoholic and fatty’ [7]. Detailed information
about how to calculate the exposure estimation is reported in the above document.
This method seems to be more realistic than that used in the EU, but it is also deter-
ministic [8]. Hence, it is desirable to have more refined methods and probabilistic
methodologies for exposure assessment have been developed. Within the Flavours,
Additives and Food Contact Materials Exposure Task project (FACET), part-funded
by the European Commission under the Framework FP7 Programme, a probabilistic
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modelling tool was developed to determine the exposure to migrants from food-
packaging materials. For a specific migrant and a defined population, the FACET
tool uses data regarding the packaging that contains the migrant, the foods that
can be contained in this package, determines the concentration of the migrant in
the food by migration modelling and with food consumption data estimates con-
sumer exposure. A detailed explanation about how the FACET tool was constructed
employing different databases is described elsewhere [9].

The exposure assessment is an important part of risk assessment; one of the
methods used to investigate human exposure to chemicals through the diet is the
so-called total diet study (TDS), which is an economical and convenient approach.
The main characteristics in this type of study are that it should be representative of
the whole diet, and the food is analysed as consumed and grouped into pools
resulting in a more realistic exposure estimation. Furthermore, this approach can
be used as a screening tool or for a more refined exposure assessment [10].

TDS have been applied to evaluate the exposure to chemicals and nutrients. In
a recent work reported by Vin et al. [11], an overview of the suitability of the TDS
approach to different chemical substances was presented. Some of the examples
within the group of chemicals that migrated from food packaging are melamine,
mineral oil hydrocarbons, Bisphenol A and phthalates. The main sources of expo-
sure to Bisphenol A (BPA) through the diet are polycarbonate (PC) materials and
epoxy resins, while in the case of melamine it is via melamine-based resins and
melamine formaldehyde (MF) plastics [11–14].

Phthalates are commonly used as plasticisers in the manufacture of FCM,
although their use has been limited in recent years; however, there are still many
materials that contain them with diet being the most important route of exposure
[15–17]. Some representative examples of studies on the exposure assessment of
chemicals transferred from FCM are summarised in Table 8.1.
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