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ABSTRACT 

Food packaging serves important functions in protecting, transporting, and educating 

consumers on the food they enclose. However, studies indicate that some food packaging 

materials consists of toxic chemicals that migrate into the food and compromise both the safety 

and quality of food they contain. To ensure public safety governments have established 

regulations that require compliance and migration testing for food packaging material. However, 

current standards for compliance and overall migration (OM) testing may not adequately account 

for nuances that occur with different technologies food packaging materials are bound to 

encounter including microwave heating.  The objective of this study was to determine the effect 

of microwave heating on OM from four different food containers types labeled for household use 

in the US, into four types of food simulants (H20, 10% EtOH, 50% EtOH and 95% EtOH) under 

normal use conditions with microwave ovens. The extent of migration was gravimetrically 

determined in accordance with EN 1186-9 and further analysis was conducted using HPLC-UV. 

The results of the study show that migration increased when containers were microwaved, and 

the extent of migration was dependent on the type of food container and food simulant used. 

When compared to controls, microwaving containers caused significantly higher amounts of 

chemicals to migrate out into food simulants. Highest migration occurred with food simulant 

95% ethanol in silicone containers with an average OM value of 320 ± 52.27 mg/kg of simulant 

compared to the non-microwaved control with average OM values of 134± 50.42 mg/kg. 

Additionally, the use of lids while microwaving increased the amount of OM in 69% of 

containers tested when 95% EtOH was used as food simulant. Results from HPLC-UV analysis 

showed the highest number of peaks and the largest peak intensity for Tritan samples exposed to 

95% EtOH. The OM values for some silicone food containers were significantly above the 

recommended 60 mg/kg of simulant set by the EU. This highlights the need for more rigorous 

migration and toxicological testing before food containers are released into the marketplace to 

ensure food safety and quality. 
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Chapter 1: Food Packaging Materials – A Review  

1.1 Introduction 

Food packaging plays a crucial role in our fast-paced modern lives now more than ever. It is 

essential in ensuring proper storage, distribution and merchandizing, safety, shelf-life protection, 

and sometimes serves to educate consumers (Geueke et al., 2018). The role of packaging 

continues to evolve and as researchers develop novel packaging materials including active 

packaging, modified atmosphere packages, edible films and coatings, environmentally friendly 

and sustainable packaging to meet consumer needs.  

The marketplace is rife with different types of food packaging materials which include; 

glass, paper and cardboards, metals, plastics, silicone, and various other types of polymers 

(Geueke et al., 2018). An effective food packaging material is one that is able to withstand the 

many conditions that consumers and manufacturers place on it. These conditions include 

processing technologies used in the food industry such as high-pressure processing (Juliano et 

al., 2010), ultraviolet light treatment (Yang et al., 2016), thermal sterilization (Jha et al., 2014) as 

well as common household storage conditions such as varying degrees of temperature (including 

intentional freezing), humidity, exposure to sun-light and cooking/reheating conditions such as 

the use of convection and microwave oven.  

Often times, the type of packaging material used is dependent on its cost, what it contains, its 

use case (how will it be used by the end consumer, including customer expectations), and how 

the contents are expected to interact or not interact with the packaging material. For example, 

active packages are used to preserve and enhance the condition of the packaged foods, and 
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lengthen the shelf-life (Yildirim et al., 2018). The European regulation (EC) NO 450/2009, 

defined active packaging systems as systems designed to “deliberately incorporate components 

that would release or absorb substances into or from the packaged food or the environment 

surrounding the food” (Commission Regulation (EC) No 450/2009 of 29 May 2009). Except for 

the case of active packaging, little to no interaction between packaging and its contents is 

preferred. Ultimately, the most common types of packaging materials today are still conventional 

in nature.  

Consumers enjoy the convenience and safety food packaging offers. However, questions 

about human and environmental consequences of food packaging continue to rise within the 

scientific community and several regulatory bodies. It has been demonstrated that some food 

packaging materials have the propensity to leach varying amounts of some of their components 

(monomers, additives, degradation products etc.) into the food they contain, under different 

conditions (Kim & Lee, 2012; Osimitz et al., 2012; Philo et al., 1997)). Though some of those 

chemicals are innocuous, chemicals like vinyl chloride have been found to be carcinogenic in 

humans and animals alike, while some others have found to exhibit endocrine disrupting activity 

such as Bisphenol A (Arvanitoyannis & Bosnea, 2004; Groh et al., 2019;Thompson, Moore, vom 

Saal, & Swan, 2009). 

1.2 Types of Food Packaging  

1.2.1 Glass 

Glass is a storied food packaging material with the first glass containing food believed to 

have appeared around 3000 BC (Marsh & Bugusu, 2007). Since then, ingredients used to make 

glass have only changed very slightly, but the technology used to make glass has evolved very 
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significantly from hand blowing to more efficient automatic glass forming machines. American 

Society for Testing Materials (ASTM) 2003, defines glass as an amorphous inorganic product of 

fusion that has been cooled to a rigid condition without crystallizing. Glass is made from silica 

which can be derived from sand or sand stone in addition to other substances like soda ash and 

limestone (Shin & Selke, 2014). Glass has excellent barrier properties as it is non-permeable. It 

is inert and is classified as “generally recognized as safe” by the US. Food and Drug 

Administration. Its ability to withstand high temperatures makes glass suitable for heat 

sterilization of both low acid and high acid foods. Glass for food packaging is most commonly 

seen as bottles but increasingly used by consumers that are concerned about chemical migrants 

from other types of food packaging. It is important to note however that  some 

researchers,(Angeli et al., 2016; Shotyk & Krachler, 2007)	have found lead in water bottled in 

glass.		Finally, glass packaging benefits the environment because it is useable and recyclable, 

recycled broken glass accounts for up to 60% of all raw materials (Marsh & Bugusu, 2007). 

 

Fig. 1.1 Structure of Glass. (“Glass—Chemistry Encyclopedia—Structure, reaction, water, uses, elements, 

metal, property”) 
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1.2.2 Paper/Cardboard 

Paper and cardboard make a significant portion about 36% (Fig 1.2) of entire packaging 

industry and especially in food packaging around the world. The global market share for paper 

and cardboard was $370 billion with a volume of about 390 million metric tons in 2011. It is 

expected that the use of paper and cardboard continues to rise as more advances for food 

packaging continues. Paper is mainly differentiated from cardboard by its characteristic lighter 

weight and thickness of the product. Production of paper and cardboard materials consists of 

wood pulp from natural fibers as starting material and other ingredients such as fillers and 

processing aids are added to provide the unique characteristics and functionalities (color, tensile 

strength, porosity, etc.) that producers want (Teck Kim et al., 2014).  

Paper and cardboard have several advantages in that they are typically low cost, have the 

ability to be reused and recycled, they are biodegradable and provide the rigidity or flexibility 

required for different foods. They are also great for printing and are ideal for publishing 

nutritional information of foods for marketing and education purposes. Some disadvantages 

include: high permeability of low molecular weight compounds, zero water resistance, and could 

allow external substances to contaminate the food they carry (Geueke, 2016).  

Paper and cardboard packaging materials are used for various applications due to their 

versatility in physical forms and quality. They can be classified by use such as primary (protect 

and preserve the food unit, i.e. chocolate wrappers), secondary (display packaging branding or 

logistics, beer carry packs) or tertiary (protection and transportation, shipping containers) food 
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containers (Hernandez & Selke, 2001) or by the materials used in production – virgin or 

recycled. Paperboard classified as virgin are those that are obtained from virgin fibers from trees, 

either softwood or hardwood trees. While, recycled are those obtained from fibers derived from 

recycled paper or paperboard (Hernandez & Selke, 2001).  Packaging materials made from 

recycled paper and board often contain contaminants from the initial use, typically adhesives, 

printing inks and mineral oils which can become problematic for food safety as those compounds 

may leach into the food. A number of studies have identified chemical migrants from recycled 

paper into dry food at ambient temperature (Bengtström et al., 2016; Biedermann & Grob, 2010; 

Binderup et al., 2002).  

 

Fig 1.2 World Packaging Material Consumption (Teck Kim et al., 2014) 

1.2.3 Metals 
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The global demand for metal packaging makes up approximately 20% (Fig 1.2) of all 

packaging materials at an estimated US $ 195 billion dollars in 2018 (Deshwal & Panjagari, 

2019). Metal based packaging materials are superior because they exhibit excellent barriers 

properties (light, gas, moisture), they are versatile and have higher recyclability potential when 

compared with other types of packaging materials. Food packaging materials developed from 

metals such as aluminum tinplated steel and tin-free steel can be modified to create rigid 

(beverage cans), semi-rigid (foils) or flexible (retort pouches) depending on the needs of the food 

manufacturer and the food to be contained(Deshwal & Panjagari, 2019).  

Though metal packaging has several advantages including versatility and excellent 

barrier properties, they also have limitations that producers of food must keep in mind. Metal 

containers have the tendency to interact with foods they contain. To limit pace and extent of 

corrosion, and prevent interaction between food and container, metals are typically coated with 

lacquers or enamels, or coatings (Deshwal & Panjagari, 2019). The coatings must fulfil legal and 

technical requirements. They must be able to withstand production and sterilization process be 

universally applicable for all food and beverage type, minimize the release of their constituents 

into food, adhere to the metal, even after mechanical deformation and not change the 

organoleptic properties of the food (Geueke, 2016). Coating substances most commonly used are 

epoxy based resins which make up 95% of the market share are mainly synthesized from 

bisphenol A and epichlorohydrin. Other forms of coatings are synthesized from oleoresins, vinyl, 

phenolic resins, acrylic and polyesters (Geueke, 2016).    

Although, metals have coatings to limit interaction between food and packaging, studies 

have shown that the coatings themselves could also be a source of leaching.  Bisphenol A 
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commonly used in the making of epoxy resins to coat cans has been found to migrate into food. 

The metals used in food packaging,  aluminum, nickel, cadmium and other chemicals, are known 

to migrate into the food they contain (Deshwal & Panjagari, 2019). They may corrode causing 

contamination of the food they contain due to electrochemical interaction between the food and 

the metal depending on moisture of the food as well as its pH or damage to the packaging 

(Montanari & Zurlini, 2018).  

1.2.4 Plastics 

The term “plastics” is used to describe macromolecular compounds developed from 

modified synthetic or natural polymers which may be molded using heat or pressure or both 

(Robertson, 2016). Plastic materials are highly diverse in their chemical structure, functionally 

versatile, and they represent the most common type of food packaging materials. Plastics 

represent 34% of all packaging materials (Fig 1.2) and have an estimated global production 

estimated at 380 million metric tons resulting in  $198 billion in 2015 (Groh et al., 2019). Plastic 

polymers can be divided into two groups: thermoplastics or thermosets. Thermoplastics are 

polymers that consists of linear chains and can be extended in one dimension. They gradually 

soften as temperature increases and eventually melt because the molecular chains move 

independently (Robertson, 2016). Thermoplastics account for more than two- thirds of the 

polymers produced in the world today. Thermosets refer to polymers that are structured within a 

given network when manufactured and cannot be re-melted or remolded into a new shape, 

instead they undergo a degradation process (Bittner et al., 2014). The importance of thermosets 

in food packaging is highlighted in epoxy resins that are used to make lacquers for metal cans.  
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Thermoplastics for food packaging describe a huge array of polymer-based packaging 

materials to include polypropylene (PP), polyethylene (PE), polyethylene terephthalate (PET), 

polyvinyl chloride (PVC), polycarbonate (PC), Tritan and polystyrene (PS). The type of plastic 

material used for food packaging is often dependent on what the end product is or the kind of 

consumer experience that the producers of food want their consumers to have. Plastics can be 

single layer (PET, PS) or multilayer (different kinds of polymers in one product for the purpose 

of producing a unique desired attribute). Multilayer packaging materials are common because 

manufacturers are able to accomplish specific performance attributes (high barrier, adhesion, 

high temperature resistance etc.) including reduced costs or reduced processing steps (Butler & 

Morris, 2013). Common  uses of multilayer packaging include coffee, ice cream, snack pouches, 

ready-meal foods, yogurt etc (Teck Kim et al., 2014) 

Polycarbonates were predominantly used in the production of clear and hard plastics. But 

as studies continued to demonstrate that Bisphenol A – the compound that imparted the much-

preferred quality in this polymer – had estrogenic properties, research into possible replacements 

for polycarbonates ensued. Tritan™ is a copolyester and trademark of Eastman Chemicals and 

has become increasingly common in the marketplace as a replacement of polycarbonate bottles 

(Guart et al., 2013). Just like polycarbonate, it is very durable, can be made into clear, hard 

plastics including baby bottles. Reports from the manufacturer, suggest that Tritan™ is free of 

“estrogenic activity within the human body” (Helling, Mieth, Altmann, & Simat, 2009). 

However, other researchers have found that leachates from Tritan™ have estrogenic activity that 

have potential adverse health effects in mammals (Bittner et al., 2014) 
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 The success of plastics as a food packaging material stems from the versatility in 

physical and chemical attributes. They are typically known to have high chemical and heat 

resistance, abrasion resistance, low medium, as well as high gas permeability. In addition to this, 

plastics are extremely affordable to produce and offer recyclability (Maddah, 2016).   

 

1.2.5 Silicone  

Silicones are highly versatile polymers commonly used in food contact materials. They 

differ from plastics in that the backbone of any silicone is based on alternating silicone and 

oxygen atoms. Depending on the length of the polymer chains and the degree and nature of cross 

linking, silicones can exist as fluids, rubbers, or resins. The many advantages, such as non-sticky 

surface, flexible form, low weight and general low toxicity of migrating polysiloxanes, led to a 

broad acceptance of silicone materials in food-contact situations (Helling et al., 2010). Flexible 

silicone elastomers are used in extensively in kitchen applications ranging from baking molds 

and mats, loaf pans, ice cube trays, rolling pins, spatula, brushes, silicone coated whisks and 

trays, tea dippers, pan gloves (Geueke, 2015). 

In the EU, silicone materials are included on the list food contact material (FCM) articles 

and materials “for which specific measures shall be established (Framework Regulation EC 

1935/2004) but no harmonized regulation exists to date for silicone FCMs” (Helling et al., 2009). 

Compounds including additives, catalysts and breakdown products have been found to migrate 

from silicone based material (Geueke, 2015).  
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Fig. 1.3 Structure of Silicone 

1.3 Chemical Migration from Food Packaging 

The term “migration” refers to a process through which the chemicals initially present in the  

food packaging diffuse into the environment or the food it contains (Garde et al., 2010). Some of 

those compounds include monomers, oligomers, plasticizers, antioxidants, additives, catalysts, 

reaction and degradation products. They generally help with the processability and stability 

required to transform the resin into usable items (Carroll et al., 2011). Not only do these 

chemicals improve ease of production, they also impart the qualities that the manufacturer wants 

in a packaging material and promote the commercialization of the material. For example, 

plasticizers are chemicals that are added to another material and when incorporated in the 

polymer matrix, confer malleability, flexibility and durability. Over 100 different types of 

plasticizers are produced across the globe. Most common types of plasticizers are phthalate 

esters (Godwin, 2011).  

These chemicals do not form a “formal chemical bond” between the polymer and matrix 

and as such they are able to escape the polymer matrix and enter the food. Thereby, promoting 

food quality defects such as off-flavors and compromise food safety (Alin & Hakkarainen, 
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2010); (Nerín et al., 2003). Overall migration is defined as the total amount of non-volatile 

substances “migrating from a packaging material into the food, irrespective of the toxicological 

significance of these substances” (Arvanitoyannis & Bosnea, 2004). Specific migration on the 

other hand measures the diffusion of one specific chemical into food, for example, the amount of 

bisphenol A from a container into the food it contains.   

Food packaging and food can interact in a number of different ways; 1) diffusion, 2) 

sorption and 3) permeation. Diffusion refers to the transfer of components from regions of higher 

concentration to regions of lower concentration, i.e. from polymer to food simulant. Sorption is 

the transfer of food component into the packaging; and permeation refers to the transfer of 

components through the packaging in either direction (Cai et al., 2014). The extent of the 

interaction is dependent on the structure of the polymers, the concentration of the polymer 

components, the type of food, and other environmental conditions such as temperature, time and 

relative density (Garde et al., 2010) 

 

1.3.1 Definition of Chemical Migration  

Chemical migration is a diffusion-driven process, therefore Fick’s first and second laws 

have been used to explain the phenomenon (Gavriil et al., 2018). Fick’s law describes the 

relationship between the rate of diffusion and the factors that influence diffusion. These factors 

include time, temperature, material thickness, and the concentration of the migrant in the 

material. Migration is influenced by both dynamic and kinetic mechanisms; the kinetic 

mechanism controls how fast the process happens and is dependent on the polymer properties 
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such as density and crystallinity of polymer, thermodynamic properties enhanced by additives, 

and the glass transition temperature (Cai et al., 2014). 

Fick’s first law governs the steady-state diffusion circumstance and without convection 

as given by equation 1. 

Fick
′
s 1st law: F = −Dp (δCp/δx)         (1)  

The first law can only be directly applied to diffusion in the steady state, whereas concentration 

is not varying with time (Comyn, 1985).  

Whereas, Fick’s second law describes diffusion under unsteady state circumstance at 

which the penetrant accumulates in the certain element of the system. 

Fick
′
s 2nd law: (δCp/dt) = Dp (δ2Cp/δx2)        (2)  

Where: 

F = rate of transport per unit area of the polymer;  

Dp = is the diffusion coefficient of migrant in the polymer (cm2/s) 

Cp = the migrant concentration in the polymer (mg/g);  

x = thickness of the polymer 

t = time elapsed 

(Arvanitoyannis & Bosnea, 2004)  
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Fig. 1.4 Concentration profile under (a) steady state and (b) unsteady state condition (Karimi, 2011). 

 

 

1.3.2 The Effect of Microwaving on Migration  

Fickian migration which occurs between food packaging and its constituents can be 

exacerbated by high temperature, length of interaction time and other conditions like 

microwaving. Microwaving is of special consequence because microwave ovens have become an 

integral appliance in the average American home. In 1986, only about 25% of American 

households owned a microwave (Cai et al., 2014). Today, it is estimated that 96% of U.S homes 

use a microwave oven according to RECS 2009 (Williams et al., 2012). The fast-paced modern 

life means that less time is spent on preparing meals. Therefore, significant increase in market 

share for frozen and ready to eat meals that can be microwaved in a fraction of the time it would 

take to prepare them have become increasingly popular. According to Statista, the ready meals 

segments reported revenues of about 43 million USD in 2010 and it is estimated that by year 

2023, the revenue will be 73 million USD (“Ready Meals United States | Statista Market 

Forecast,” 2019). Most of the ready meals now come in microwavable pouches for the 

convenience of the consumer such that the consumer only needs to place the whole package in 
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the microwave and in a matter of minutes the consumer would have a meal ready to eat. 

Therefore, understanding the interactions between the food and the container is critical to ensure 

safety of consumers. 

1.4 Legislation and Regulatory Guidelines 

Several nations have instituted legislation to ensure consumer safety to include Japan, 

Korea the European Union (EU) and the United States (US). To be on the market, each 

packaging material is required to comply with the applicable food contact legislation for the 

specific country or region. The Food and Drugs Administration (FDA) provides those guidelines 

for products sold in the US. Specifically, for the US, the overall regulatory status of a food 

contact material is dictated by the regulatory status of each individual substance that comprises 

the article.  

Furthermore, the individual substance that can be expected to migrate into food based on 

its use in the food contact material is covered in one of the following regulations: Title 21 Code 

of Federal Regulations (CFR), meeting the criteria for Generally Regarded As Safe (GRAS) 

status, a prior sanction letter, a Threshold of Regulation (TOR), an exemption request or and 

effective Food Contact Substance Notification (FCN). Substances that are estimated to have a 

cumulative daily exposure < 1.5ug/person/day (Fig. 1.6) can be granted the Threshold of 

Regulation exemption that allows the FDA to exempt substances from food additive regulation, 

though use and limitations can be defined. Chemicals that are formed during the manufacture of 

food contact materials may or may not be subjected to the food contact substance notification 

which implies that risk assessment is done by industry and no review is done by FDA or 

published for public use (Muncke et al., 2017). It is important to highlight the fact that the FCN 
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covers the manufacturer, the food contact substance and the conditions of use identified in the 

notification. Therefore, this FCN is not effective for a similar or identical substance produced by 

a different manufacturer in the prior notification; it is effectively proprietary to a single 

manufacturer and a specific product. Manufactures can thereby determine the compliance of 

their product by consulting 21 CFR 174-179; 21 CFR 182 – 186; 21 CFR 181; listing of TOR; 

and the effective FCNs (Center for Food Safety and Applied Nutrition, 2019).  

In the EU, Regulation (EC) No 1935/2004 serves as a harmonized legal framework for 

the general principles regarding safety and inertness of all food contact materials (FCMs). The 

principles in this regulation require that materials do not release their constituents into food at a 

level that is harmful to humans, and that they do not change the food composition including 

taste, color and odor in an unacceptable manner. Migration limits specify the maximum amount 

of substances allowed to migrate into food. For some substances, (including those on the positive 

list), the regulation sets specific migration limits (SML) based on the toxicity of each specific 

substance. However, to ensure the quality of the food packaging material in general, and reduce 

the number of specific migration tests conducted, overall migration limits (OML) are set at 60 

mg/kg food, or 10 mg/dm2 of the contact material (Food Safety - European Commission, 2016). 

There is an established Union List of substances that are permitted for the use in the manufacture 

of plastic FCMs in the Regulation (EU) No 10/2011 on plastic materials and article. This list 

includes restrictions on the use of the substances to determine compliance of the food contact 

materials (Food Safety - European Commission, 2016). The differences that exist in risk 

assessment between the EU and the FDA are highlighted in Fig 1.6 below. 
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Fig 1.5 Risk assessment of food contact materials in the United States (A) and European Union (B). 

Adapted from (Muncke et al., 2017) 

A separate regulation exists in countries such as Japan, Korea and China. Japan food contact 

material guidelines are based on two laws; the Food Sanitation Law enacted in 1947, and the 

Food Safety Basic Law enacted in 2003. The Food Sanitation law, chapter 3 provides specific 

guidelines regarding containers and their materials, migration tests and their procedures and 
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standards for manufacturing food containers (Bhunia et al., 2013). In Korea, the ministry of Food 

and Drug Safety established standards and specifications for food contact materials and their raw 

materials in the Korean Food Sanitation Act (KFSA). Article 8 of the KFSA provides guidance 

on limit on residue content, hazardous substance migration and testing methods that can be used 

to demonstrate compliance including overall migration (Verdonk et al., n.d.) Food contact 

articles are governed in China by the  Chinese Food Safety Standards (GB 2760, GB 9685) 

which sets standards for the use of the additives in food contact materials and articles as well as 

methods for migration tests including heavy metal testing and decolorization when colorants are 

used (Attwood, 2015).  

1.5 Methodologies  

1.5.1 The Use of Food Simulant 

The complexity of food matrices makes the study of overall migration into food an 

arduous task. To simplify and improve the quantification of migration, regulatory bodies like the 

FDA have recommended food simulating agents. The FDA recommends ten percent ethanol for 

aqueous foods, three percent acetic acid for acidic foods, fifty percent ethanol for foods that high 

in alcohol (> 8%) and food oil HB307b or Miglyol 812c for the fatty food simulant. The 

determination of the overall migration is into food oil (fatty food simulant) has been deemed 

difficult to carry out and time consuming for some packaging materials due to extraction 

difficulties and various implicit sources of errors such as incorrect polymer weighing and 

incorrectly measured amount of absorbed oil (Baner et al., 1992). Such problems commonly 

encountered with food oil can be mitigated when a volatile solvent such as 95% ethanol/water is 

used as an alternative (Arvanitoyannis & Bosnea, 2004; Galotto & Guarda, 2004). 
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1.5.2 Analytical approaches 

Analysis of food packaging migrants is difficult and a search through the current 

literature shows many different analytical methods employed by researchers to analyze and 

decipher migrants’ components. Standardized analytical methods are few, as only about 40 

substances have standard validated methods to assess specific migration in both the EU No 

10/2011 and GB9685 (Qian et al., 2018). In the analysis of contaminants and migrants from food 

packaging, researchers have most commonly employed gas chromatography (GC), and liquid 

chromatograph mass spectrometry, high pressure liquid chromatography coupled with UV and or 

Mass spectrometry (Gallart-Ayala et al., 2013).  

There are three main ways prescribed by the EC directive through which overall 

migration tests can be done namely; (i) total immersion, (ii) single surface testing using a cell, a 

pouch or a reverse pouch, (iii) single surface testing by article filling. The total immersion test 

entails immersing both the area intended to come into contact with food and the area not 

intended to come into contact with food to be tested. Hence, it is a more aggressive test because 

real life use will likely only entail food contact area only. Single surface testing using a reverse 

pouch is used when the surface intended to come into contact with the foodstuff us the outer 

surface and the pouch is exposed to the food simulant by total immersion. While single surface 

testing by article filling entails filling the article with a simulant and then following prescribed 

methods. The EN 1186-1:2002 states that “overall migration tests shall be performed in such a 

way that only those parts of the sample intended to come into contact with foodstuffs in actual 

use will be in contact with the foodstuff or simulant.” However, it is permitted for compliance to 
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be demonstrated with an overall migration limit by the use of a more severe test. Currently, the 

limit of overall migration test is set to 10ug/dm2 or 60mg/kg of food simulants.  

1.6 Conclusion 

The importance of food packaging and food packaging materials will continue to grow as 

the world changes rapidly towards a more global economy and one where convenience for 

consumers is a priority. Several types of materials are currently being used for food packaging to 

include glass, silicone, plastics, metals, and other materials. Fick’s laws explain the mechanism 

through which components of food packaging migrate into food through diffusion. Migrants are 

often analyzed using techniques like mass spectrometry and high-pressure liquid 

chromatography. The interaction between food packaging and the food they contain continues to 

be an interesting area of study because new polymers continue to be developed to meet consumer 

and environmental demands.  

The US FDA and the EU continue to protect public health and human safety through 

their regulations and compliance requirements for food contact materials. Though both have 

specific requirements to ensure safety of food contact materials, some differences exist. In the 

US a material intended to come in contact with food is compliant if all of the raw materials used 

to make it are compliant with the U.S FDA Code of Federal Regulations, Title 21 (21 CFR). If a 

raw material used is not listed in the 21 CFR, it may be cleared through a food contact 

notification, a threshold of regulation, or a GRAS notification. In the EU however, the EC No. 

1935/2004 has specific requirements based on material types (i.e. plastics, silicone) including 

positive lists – only substances from the lists can be used to formulate a food contact material. 

Furthermore, the regulations require overall migration testing for all food contact materials and 
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in some cases specific migration testing. As new food contact materials are introduced into the 

marketplace and into the homes of millions of people around the world to meet the needs of the 

consumers both functionally and aesthetically; it is crucial to ensure that food safety regulations, 

toxicological testing are closely monitored, and where needed, positive lists, migration limits, 

and methods for testing are adequate and efficient. 
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CHAPTER 2: Food Packaging Migrants and Microwave 

2.1 Problem Statement 

The assessment of food contact materials as prescribed by the European Union and the US FDA 

do not adequately address all of the use conditions that a food contact material (FCM) may 

encounter in its life. A review of the regulations FDA Title 21 Code of Federal regulations (170-

190) and the European Community (EC) (Commission Directives 89/109 EEC) reveal gaps in 

testing and certifying food packaging materials. For example, this includes no requirements are 

specified for microwave FCM even though the Commission Directive 2002/72/EC states “that 

packaging materials submitted to migration tests should remain in contact with the food simulant 

in such way to represent the real conditions of contact with the foodstuff.”  Current prescribed 

methods for characterizing overall migration involve heating up food simulant in conventional 

ovens (instead of a microwave oven) and measuring the effect of heated simulant on migration of 

compounds from packaging to simulant.  

This method does not accurately account for nuances that occur when a microwave is 

used for heating: microwave heating occurs over shorter periods of time and food contents may 

not be uniformly heated (Bhunia et al., 2013). Currently, the limit of overall migration is 

10ug/dm2 or 60mg/kg of food simulant, however, microwave heating may cause more intense 

heat degradation of plastics and increase the rate and extent of migration that jeopardize the 

safety and quality of the food they contain. A comprehensive method for testing chemical 

migration from FCM intended for microwave ovens needs to be developed and incorporated into 

food packaging regulations to identify toxic chemical migrants and protect public health. 

However, because food packaging sold in the US are not required to show results of overall 



 

 
 

22 

migration for the finished material, so long as monomers have been approved for use, the study 

focused on  evaluating overall migration of food packaging sold in the US. 
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2.2 Research Objectives 

The objective of this study is to: 

• Determine the effect of microwave ovens on overall migration for food containers sold in 

the U.S. and labeled as microwave safe.   

• Evaluate the interaction that exists between simulant type and food packaging type 

This information will add to the body of knowledge of chemical migration from food packaging 

using EU standards on food containers purchased in the US and inform better legislation on 

“microwave-safe” food containers.  
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2.3 Materials and Methods 

2.3.1 Food Packaging Materials  

A total of sixteen food storage containers marketed as microwave safe were purchased 

from major US retailers. These storage containers included four common materials used for 

microwave-safe home storages including glass, polypropylene, Tritan™, and silicone. For each 

type of material, four different products were selected to be representative which are available to 

the average North American consumer. For each container type, eight test specimens were 

analyzed for a single food simulant (Fig 2.0). These 8 test specimens are broken down into: two 

controls (non-microwaved),  three replicates with the original lid off (where borosilicate glass 

plate was used to cover the food container to prevent evaporation during microwaving), and 

three replicates with the original lid on, equaling a total of 8 test specimens per container per 

simulant. A total of 512 food packaging specimens were analyzed for overall migration. In 

addition to the two controls, a process control was run alongside each overall migration 

assessment trials, where simulant that was not in contact with food packaging was taken through 

the same procedure to account for any variability during sample preparation including 

contamination of the simulants and environmental factors that were not anticipated and could not 

be controlled during the process.  
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Fig. 2.1: Breakdown of samples used in experiments 

2.3.2 Reagents 

 HPLC grade ethyl ethanol (190 proof; Pharmco by Greenfield Global, Brookfield, CO) 

and HPLC grade water (Company name, Hampton, NH) were used directly (H2O and 95% 

Ethanol) or to prepare 10% and 50% ethanol. These simulants were used to mimic the behavior 

of specific food types; water for aqueous foods, 10% ethanol for aqueous and acidic foods, 50% 

ethanol for high-alcoholic foods and 95% ethanol for fatty foods. 

Simulant Food Type 
H2O Non-acidic aqueous foods 
10% Ethanol Acidic, low-alcoholic foods 
50% Ethanol High-alcoholic content (containing more than 8% alcohol)  
95% Ethanol Fatty foods  

Table 1: Food Simulants used on food type according to the FDA 
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2.3.3 Microwave Experiment 

Each container was first rinsed with two 5-ml portions of the food simulant (H2O, 10-

95% EtOH). Then, 200 ml of freshly prepared simulant was then transferred into each container 

and microwaved in Sharp Carousel microwave oven (1100 Watts, 1.1 Cubic Feet, Model 

Number R-303CW, NJ, USA) for a total of 3 minutes (Three 1-minute sessions with 5-minute 

cool down time in between). To avoid overheating and spillage, the total microwave time was 

shortened to 2 minutes for 95% ethanol samples with a 5-minute cool down time between 

microwaving. Control samples (not microwaved) were prepared in duplicates. The simulant was 

left in the control container for the same length of time as the other samples to keep contact time 

consistent. A process control was prepared with 200ml of aliquoted simulant that had no 

interaction with plastic and was not microwaved. 

After the last microwaving, simulants were allowed to rest for 5 minutes before being 

transferred into labeled Pyrex glass 140ml evaporating dishes (Corning, NY). Containers were 

further rinsed twice with 5 mL of the simulant each, to recover any residual compounds, and then 

poured into the evaporating dishes. Evaporating dishes were placed on a hot plate (Fisherbrand™ 

Isotemp™ Stirring Hotplate, Pittsburg, PA) in a fume hood and simulants were evaporated. 

When the samples were almost evaporated (remaining ~5ml), the contents were transferred into a 

clean, labeled, pre-weighed 10 ml beaker (VWR, North America). The evaporating dish was 

rinsed twice with 5 ml of the simulant and poured into the beaker. The drying was completed by 

transferring the beakers into an oven (Fisher Scientific, Model 637G) preset at 105oC for 30 

minutes.  
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Fig. 2.2 Microwave Exposure Process for Food Containers. -MW represents samples that were not microwaved but 

were exposed to simulant for the same duration of time as microwaved samples and were covered by inert glass. 

+MW represents samples that were microwaved and covered with inert glass. +MW+lid represents samples that 

were microwaved and covered with the original container lids and purchased from retailers. 

2.3.4 Determination of Overall Migration 

After drying, the beakers were placed in desiccators to cool before being weighed on the 

semi-micro analytical balance (Ohaus Explorer EX 124D, NJ USA). To assess the amount of 

overall migration from packaging to simulant, the initial weight of the beaker was subtracted 

from the final weight. To ensure the quality and precision of the results from OM, beakers were 

thoroughly washed, dried and weighed three times and compared to a reference weight before 

each trial.  Final overall migration (M) was calculated using the formula below according to 

European commission directive ENV-1186-9. 

M = ((ma-mb) *1000)/V 

Where: 

M: is the overall migration into the simulant, in milligram per kg of food  



 

 
 

28 

ma: is the mass of the residue from the test specimen after evaporation of the simulant, in grams 

mb: is the mass of residue from the food simulant only (blank), in grams; 

V: volume of the food simulant which had filled the article in ml 

The test result for each test specimen was the average of three replicates.  

 

2.3.5 Overall Migration Using UHPLC-UV and Chromatographic Conditions 

One sample from each group of containers (polypropylene, Tritan, glass, and silicone), 

was chosen to be analyzed using 95% ethanol as the food simulant to get a general idea of the 

constituents of the overall migrant for each packaging material. Samples were processed as 

described above (section 2.3.1.3), however, the simulant samples were not allowed to completely 

dry (~1ml left in the beaker) during the last step. The sample was removed using a glass syringe 

(Corning, NY) and filtered with a 0.45um nylon syringe (VWR, North America) before being 

transferred into an analytical vial (Thermo-Scientific, USA). The samples were inserted into the 

HPLC autosampler and were ready for analysis.   

The chromatographic experiments were carried out on a Shimadzu LC- 20A (Shimadzu 

Corporation, Kyoto, Japan) system including two LC-20 AD solvent delivery units, a SIL -20 

AC automatic injector, a CBM-20A system controller, and UV detector. The method described 

previously (Begley et al., 1995) was modified to our purpose in this experiment. The analytes 

were separated using a 2.6 um C18 100 A,100 x 3.0 mm C18 column coupled with a C18 3.0mm 

guard column at 35oC from Phenomenex (CA, USA). The mobile phase was composed of 

acetonitrile (B) and water (A). The detection wavelength was 242 nm and injection volume was 

20 uL. The gradient for the mobile phase (acetonitrile/water) changed over time as follows: from 
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30 to 70% B in 15 min; from 70% to 85% B in 10 min; hold 85% B for 7 min; from 85% to 30% 

B in 5 min, with a flow rate of 0.7 mL/min). Additionally, identification of parts of the container 

lids was carried out using a Shimadzu IRTracer-100 Fourier-transform infrared 

spectrophotometer (FTIR), (Shimadzu Corporation, Kyoto, Japan). Once the FTIR spectra was 

collected, it was analyzed using “KnowItAll” ID Expert software by Bio-Rad (Hercules, 

California). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

30 

2.4 Results 

2.4.1 Effect of microwave on overall migration per container type 

In total 4 different types of container type (material) were tested for overall migration 

using four simulants. Overall migration increased when glass, Tritan and silicone packaging 

were microwaved with 95% Ethanol as simulant compared to the controls (p < 0.05), (Fig. 2.3). 

In terms of magnitude of OM, silicone had the highest OM values when microwaved, 320±52.27 

mg/kg as compared to with Tritan samples which have the next highest average values for OM 

6.99 ± 1.02 mg/kg. For non-microwaved silicon samples, OM average of 134± 50.42 mg/kg for 

silicone.  
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Fig. 2.3 The effect of microwave on overall migration using 4 container types (no microwave grey =, microwave = 

black); shown by food simulants used. Each chart represents one simulant tested (H2O, 10% EtOH, 50% EtOH, or 

95% EtOH) and shows the average OM for each container type (n=4). Error bars show the standard error of the 

mean (SEM). Line over bars indicate significant difference between -MW and +MW of the same container type by 

student t-test. Different alphabets (a-d) denotes significant differences with a two-way ANOVA(p<0.05).   

2.4.2 Effect of Microwave by simulant 

Figure 2.4 below shows overall migration by simulant type. There is a general trend of 

increasing migration value with increasing concentration of ethanol in polypropylene (PP), 

Tritan and silicone but not in glass (Fig. 5.0). The average overall migration when H2O was used 

as simulant was 0.68± 0.38 mg/kg in glass, 0.63± 0.34 mg/kg in polypropylene, 0.56± 0.20 

mg/kg in Tritan and 1.09 ± 0.34 mg/kg in silicone for microwaved samples, only silicone 

samples showed a statistically significant difference between control samples and microwaved 
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samples (p = 0.001). OM with 10% ethanol was statistically insignificant in all container types, 

with values ranging from 1.06 ± 0.57 mg/kg in glass, 1.02 ± 0.31 mg/kg in polypropylene, 

0.68±0.22 in Tritan to 1.52±0.38 mg/kg in silicone. Additionally, 50% ethanol OM values 

ranged from 0.5mg/kg in glass to 8.8 mg/kg in silicone. However, for simulant 95 % ethanol, 

microwaved samples for glass, Tritan and silicone were statistically significant from non-

microwaved samples; glass (p=0.029), Tritan p=0.0013), and silicone (p =0.006).

Fig. 2.4 The effect of microwave on overall migration using the 4 food simulants (no microwave grey =, microwave 

= black); shown by container types used. Each chart represents one container type tested (Glass, PP, Tritan, or 

Silicone) and shows the average OM for each simulant (n=4). Error bars show the standard deviation of the mean of 

each container type (e.g. SD of Glass 1, 2, 3, 4, mean OM). 
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2.4.3 Effect of using the lid on overall migration by container type 

To understand the impact of the food packaging lid, we microwaved samples using the 

original container lid and compared those to samples with an inert glass lid. Microwaving with 

original lid did not have a significant effect on average overall migration by container types 

when H2O, 10% EtOH and 50% EtOH were used as simulants. However, when 95% EtOH was 

used as food simulant, glass and silicone containers with the original lid showed significant 

increases in overall migration compared to when a borosilicate glass plate was used to cover 

each container (p<0.05).  For silicone material, when 95% ethanol was used with original lid, the 

average OM value increased by about 21% compared to controls when inert glass lid was used 

(389 ± 56.53 mg/kg vs.320 ± 52.27 mg/kg, respectively).  FTIR analysis reveal that on average 

glass containers lids had at least two different lid parts in which different types of materials were 

used for each part for example polypropylene and silicone rubber. All polypropylene containers 

had lids made of the same material except one which was made of polyethylene. TritanTM 

containers also had lids with different parts, on average two parts, which were made of materials 

such as polyvinyl chloride, polypropylene, and silicone rubber. Lastly, silicone containers had 
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mostly silicone rubber and polypropylene as components in the lids.

 

Fig. 2.5. The effect of microwaving using an inert glass cover (+MW, grey) or the original lid of the container 

(+MW +Lid, black). Each chart represents one simulant tested (H2O, 10% EtOH, 50% EtOH, or 95% EtOH) and 

shows the average OM for each container type (n=4). Error bars show the standard error mean of the mean of each 

container type (e.g. SEM of OM of Glass 1, 2, 3, and 4). 

2.4.4 HPLC Analysis using 95% EtOH 

HPLC analysis of the migrant components using a representative sample from the 

packaging materials was conducted. Overall, Tritan exposed to 95% EtOH had the highest 

number of peaks at 82 peaks in the chromatogram compared to Silicone with only 47 peaks. In 

general, TritanTM peaks (613mV – 37140mV) were more pronounced than those of silicone 

(105mV - 37140mV) (Fig 2.6). The additional peaks not present in the control sample represent 

the leached compounds from the plastic into the food simulant. 
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Fig. 2.6. HPLC results for migration from four microwaved containers containing 95% EtOH. A-D compared with 

non-microwaved samples (control). (A) Glass. (B) Polypropylene. (C) Tritan. (D) Silicone. 

2.5. Discussion 

In this study, the effect of microwave heating on overall migration of compounds from 

commonly used food containers was quantified through gravimetric methods as well as high 

pressure liquid chromatography. Currently, there are no explicit rules in the US or EU requiring 

food contact materials intended for microwave use to be tested in the microwave. Therefore, it is 

important for studies to understand how everyday technology and products (microwave and 

plastic containers) interact and to what extent that interaction is. The complexity of food matrices 

makes the study of overall migration into real food arduous. Hence, regulatory bodies like the 

US Food and Drug Administration (FDA) and the European Union Commission have devised 

approved techniques to study overall migration using recommended food simulants in the place 
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of actual food. Here, we chose food simulants in accordance with recommendations by the FDA 

and EU commission.  

The results from the experiments showed that on average microwaved samples had 

greater overall migration than non-microwaved samples. We found statistically significant 

differences in glass, tritan and silicone with 95% ethanol. Polypropylene(PP), however, showed 

no statistically significant differences between microwaved and non-microwaved samples. This 

implies that in addition to microwave heat, the nature of the simulant and the type of food 

containers affected the extent of overall migration.  

The most significant overall migration in terms of migrant weight, was seen in silicone 

containers paired with 95% ethanol and microwaved. The migration of siloxane compound from 

silicon containers is dependent on a number of factors including temperature, fat content of the 

food, contact time, the concentration of the siloxane in the source, and its molecular weight 

(Zhang et al., 2012). Due to difficulty in using fatty food simulant D2 (olive oil), including 

recovery and interference challenges, we chose the alternative food simulant 95% EtOH instead 

in accordance with Commission Regulation (EC) No. 10/2011. 

The average overall migration for silicone using 95% EtOH as a simulant was 

significantly higher than any other containers or simulant types at 389 ± 56.53 mg/kg. Zhang et 

al, observed similar results with minimal migration occurring with silicone nipples exposed to 

50% EtOH but significant and increased migration up to 155 mg/kg with 95% EtOH (Zhang et 

al., 2012). Though the conditions were not exactly the same, it establishes the impact of 

temperature and food type on extent of migration. Helling et al performed studied baking molds 

and meatloaves and found that with increased baking time from 25 minutes to 45 minutes, 
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overall migration increased from 92 mg/kg to 177 mg/kg  (Helling et al., 2009). Another study 

assessing migration from bottles found greater migration of phthalates specifically diisobutyl 

phthalate (DiBP), dibutyl phthalate (DBP) and diethylhexylphthalate (DEHP) and aldehydes up 

to 0.7 mg/kg in silicone bottles than in polypropylene bottles (Simoneau et al., 2012).  

The toxicity of various types of cyclic siloxanes such as octamethylcyclotetrasiloxane 

(D4) or decamethylcyclopentasiloxane (D5) used in the production of silicone polymers is still 

under considerable scrutiny (Burns-Naas et al., 2002). Some studies have demonstrated have 

found low toxicity by oral ingestion, prolonged skin contact of upon inhalation of its vapor or 

aerosol form in humans (Looney et al., 1998). In a 3-month study of female rats exposed to D4 

the researchers found hormonal effects such as reduction in ovarian weight ovarian hypoactivity 

and an increase in number of rats remaining  in the diestrus stage (Burns-Naas et al., 2002). He et 

al, found that D4 found that D4 elicits estrogenic activity (observed decreased serum estradiol)  in 

the uterus of mice by an estrogen receptor mechanism (He et al., 2003). D5 exposure resulted in a 

statistically significant increase of uterine tumors in rats (Jean et al., 2016). 

Additionally, we observed that the use of lids (original lids packaged and purchased with 

food containers tested) for container increased the amount of overall migration calculated in 

11/16 containers tested (p < 0.05) when 95% EtOH was the food simulant used. This may be due 

to the increase in contact surface area from migration from the lids as well as the fact that several 

containers had lids made from different materials including rubber, polypropylene, and silicone 

that may contribute or react differently with the food simulant which was confirmed by the FTIR 

analysis conducted on the lids.  
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Our results of increased chemical migration with simulants that represent fatty foods 

(95% EtOH in the current study) compared to simulants that represent aqueous foods are 

consistent with previous reports.  Fatty food simulant has a stronger impact in causing migration 

of compounds such as hydrocarbons, antioxidant and their breakdown products, fatty acid 

amides, monomers as well as unidentified migrants (Cooper & Tice, 1995). These chemicals 

have been found in polyolefins (polypropylene and low-density polypropylene) as well as other 

polymers including Tritan and PVC. The increased ability of the fatty food simulant to penetrate 

within the polymer matrix and significantly increase the diffusion rate of the additives as well as 

the fact these additives are more soluble in fatty food simulant (Feigenbaum et al., 2000). Cooper 

et al. found that up to 95% leaching from additives in polyolefin FCMs using fatty food simulant, 

olive oil including fatty acid amides such as erucamide, oleamide, steamide and other 

antioxidants analyzed (Cooper & Tice, 1995). Guart et al. identified several chemicals in Tritan 

such as 2-phenoxyethanol (2-PE), 4-nonylphenol (4-NP), bisphenol A (BPA), benzylbuthyl 

phthalate (BBP) and dimethyl isophthalate (DMIP) at levels from 0.027 ± 0.002 to 0.961 ± 0.092 

lg/kg using water as a food simulant analyzed with gas chromatography coupled with mass 

spectrometry (Guart et al., 2013). Lastly, thermal breakdown products of the containers may 

have led to increased overall migration. Butylated hydroxytoluene (BHT), Irganox 1076 and 

Irgafos 168 are some of the more commonly reported antioxidants in migration studies (Bhunia 

et al., 2013).  

Results from HPLC analysis show that Tritan exposed to 95% EtOH had more 

pronounced peaks and the highest number of peaks at 82 peaks in the chromatogram as 

compared to Silicones with 47 peaks. It was surprising that that silicone with food simulant 95% 

ethanol with the highest overall migration when measured gravimetrically did not have as many 
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peaks or intensity as those of samples from the Tritan containers. However, this can be explained 

given that we observed precipitation in the silicone overall migration extract that may have been 

filtered out during HPLC sample prep. RP- HPLC does not accurately measure the highly 

hydrophobic compounds as well as compounds that are not soluble in the mobile phase. (Speight 

& El-Gendy, 2018).Therefore, this result is inconclusive and requires further investigation.   

2.6. Conclusion 

Evaluating the chemical food safety of FCM is challenging because chemical migration is 

dependent on various factors some of which include temperature of food or simulant, nature of 

polymers used in the FCM, and technology it is exposed to (conventional or microwave heating). 

Current migration standards for FCMs specified for home use (including microwave) may not be 

adequate enough to capture the stressors placed on food containers in our everyday human life. 

More robust techniques and comprehensive standards for identifying and evaluating 

toxicological impact of migrants from food contact materials need to be developed. FCMs 

intended for microwave oven use should undergo rigorous migration test using a microwave 

before they are approved for consumer use. Labeling standards specifically on instructions to 

consumers on appropriate use and care of the FCM can also be improved. The study found a 

statistically significant difference when original lid was microwaved for silicone containers, yet 

75% of the containers used in the study claimed that using the lid while microwaving is safe.  

The study has some limitations including variability with a material type, food simulant, 

and analytical method chosen. Even within the same types of food containers i.e. silicone, 

polypropylene, glass or Tritan, differences in overall migration exists based on different 

proprietary chemical compositions used by different manufacturers. As only 4 products were 
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purchased and evaluated in this study per container type (total 16 products), this could have 

resulted in variability in data, reducing the ability to detect overall significances between 

container types as well as with treatments (MW) or with food simulants as well as the different 

lid materials for the containers.  Real foods are more complex than food simulants and they may 

elicit different chemical reactions than one single food simulant may be unable to, hence, there 

may be benefits in using real foods to replicate real world scenarios. Further analysis of migrants 

using GC-MS may have enabled proper identification of lipophilic migrants in this study. 

Though HPLC-UV allows for identification of analytes additional detectors such as diode array 

or mass spectrometry may have provided auxiliary data points to confirm the identity of the 

analytes.  

Future studies can account for the above limitations and focus on identifying the various 

compounds leaching out of microwave-safe food containers (as well as other food contact 

materials) and testing the toxicological impact of identified compounds on cells, tissues, or living 

organisms such as fish for genotoxic, carcinogenic or estrogenic effects. It would be particularly 

interesting to see if there is a long-term effect of the complex mixtures on cells, tissues, or living 

organisms. In addition, the scope of materials types and conditions could be broadened to include 

novel packaging materials as well as household and commercial conditions such as freezing.  
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