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ABSTRACT

POLYMER NANOCOMPOSITES AS ACTIVE FOOD PACKAGINGIATERIALS TO
IMPROVE THE SHELF LIFE OF FRU'S AND VEGETABLES

Sarp Kolgesiz
Master of Science022
Materiak Science and Nanoengineering
Thesis Advisor: Asst. Prof. Hayriye UNAL

Thesis CeAdviser: Asst. Prof. Serkan UNAL

Keywords: Halloysite Nanotubes, Active Food Packaging, Waterborne Polyurefioane,
Nanocomposites Cinnamaldehyde, Ethylene production inhibition, AtmosphBegulator,

MoistureAbsorption, Ethylenébsorption

In this thesisjmportant solutions téhe concept of food safety and preservation of food quality,
which has become increasingly important recently, has beereafieth the developmenof
multifunctionalhybrid nana@omposite materials containimgtural andenvironmentallyfriendly
componentsSpecifically,the studies have focused the prevention of food spoilage and waste
duringpostharvest stageand twodifferent hybrid nanocomposite materi#tigt canprotect and
prolong the shelfife of fresh produe during storage and transportativmas designedrhe first
design includedctive food packaginfiims that can slowly release a natural active agent, which
can slow down the ripening of fruits. Halloysibday nanoparticlesvere impregnated with
cinnamatlehyde essential oil and the obtained sustained release system was incorporated into
polypropylene matrix, resultingn nanocompositefood packagingfiims that can release
cinnamaldehydéo inhibit the production ofruit-ripeningethylene gasThe ripeniry of bananas
packaged with these nanocomposite films was demonstrated to be delayleanands were

shown to be storedeshfor a longer period of tim#han unpackaged bananbsthe secondesign
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natural clay nanoparticles were integrated foeomedwatebornepolyurethanenatrixto produce

novel, flexible, freskkeeping and atmosphere regirighanocomposite foamwhichcan be used

as packaging inserts that can increase the shelf life of.ffliite nanocomposite foamvas
demonstratetb absorb both th&uit-ripeningethylene gas produced by tfigits and the excess
moisture thus delay the postarvest ripening and spoilage in different fruits testdérd ethylene
production inhibiting food packaging films and the ethylene and nreisibsorbing foams
presented in this thesis have a strong potential as food packaging materials that improve the shelf
life of fresh produce and contribute to the prevention of food spoilage and waste.
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AA matter can be the solution to any problem; we just don't know it so changeeyspective 0
(Mehmet Ali Gulgin)

To my familyand my future self
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CHAPTER 1. General I ntroduction

Food packaging materials are one of the important components of the food industry, as they not
only provide protection of food from the external environment, but they also preserve the
nutritional value of the fodd’. The main purpose of the design and production of food packaging
materials is the protection of food from physical, chemical, amcrobial damageés The
traditional approaches to the food packaging designs mostly do not satisfy public demands
anymore, because they only fulfill the ederld requirements such agength, and flexibility and

acting as a passive physical barriemastn the food and its environmeWtith the increase of the
consciousness in terms of healthy and mglrition value food, the consumer demand has
changed so that food packaging materials also provides preservation of the quality, safety, and
freshness fothe food$“ Food packaging technology has evolved by introducing new methods
and innovations to be replace the traditional ones to meet these demands. One of the novel
innovations in packaging technology is active food packaging (AP) which is ddgigpreserve

and increase the quality, safety, and freshness of foods. This new technology can lead to increase
in the sheHlife of the food by imparting new functionalities to the food packages

Active Food Packaging

The main purpose afsing food packaging materials is to protect food throughout the food supply
chain, which covers all stages from production to consumption. The features of traditional food
packaging systems are no longer sufficient. However, active food packaging rmatanabe
designed that can increase the shtdfof food via incorporated active components. Active food
packaging materials are designed by the integration of active components inside a polymeric
matrix® resulting in materials that can absorb molesuleat lead to spoilage of food or emit
molecules that retard the spoilage, thus increase thelgbetff food thanks to the active
components By adding new features to the packaging and allowing it to interact with the food,
the shelf life of the fod is extended while enhancing its quality and freshness. The packaging is
designed to protect the sensory properties of foods such as appearance, texture, and aroma, while
at the same time increasing the shelf life by aiming to maintain the food quadityudritional

value.

There are many different studies related to active food packaging systems, that can be covered

under three main groups which are active agent emitting systems, active agent absorbing systems,

1



and systems that regulate the passégases. In active agent emitting systems, molecules, which

are loaded, integrated, or naturally present inside the active agent such as antimicrobials,
antioxidants, or carbon dioxide, directly interact with the food while being releasing onto the
surface of the food or released slowly to the headspace of the package. In active agent absorbing
systems, active agents scavenge the undesired molecules that are produced by food during the
storage periods such as ethylene, oxygen, odor, and carbon dioxgds.regulating systems, the

packaging is designed so that it acts as a barrier against gases.

In the food packaging industry, there are several different gaukiypes that have been designed

and used according to the requirements of the food. Activ@ pfackaging materials are mostly
produced by the incorporation of active agent to these package types by using different methods
and processes. Incorporation of active agents into any polymeric matrix by using melt process
methods, coating of package suoés with active agents, or supercritical carbon dioxide methods

are some of the examples of methods that are used to develop active food packaging materials.

Because of the increasing demand for kgglality, and healthy food, new types of active food
padkaging systems have been developed in more recent times. In the literature, several active food
packaging systems are investigated. Here, they will be categorized according to their functions,
such as being antioxidant, antimicrobial, ethylene absorbixggen absorbing, carbon dioxide

absorbing, odor absorbing, and presenting barrier properties.

1.1.2 Antioxidant Food PackagingMaterials

Food spoilage can be observed in any stage of the food supply chain and the pbecireety

has an impact on the quality and safety of food. There are many reasons for the decrease in shelf
life of foods and one of the main reasons for spoilage is oxidafibe impact of oxidation on the

food is that the important nutritional values, which asseatial fatty acids, proteins, and lipids,

are destroyed or damaged in the presence of the reactive oxygen corpOuittigion not only

causes degradation of the nutritional value, but also leads to a decrease in the energy content,
formation of odorsand change in color sensory propertfes. These facts are one of the key
parameters in the decision steps of purchasing any food by the cotsuthaesthere has also

been an economic impadDxidation of essential fatty acids, proteins, armds, which are



important nutritional values, can be prevented with direct applicatiantioxidant agent® food
However, the direct interaction of the synthetic antioxidant can cause potential risks to human
health with the toxicity problem because of the migration of the additives into the food.
Polyphenol, organophosphate, and thioester compounds are some exaihgraditional
antioxidant agentd. However, strict legal controls are a necessary request in the case af the us
of synthetic antioxidants in food applicatiots prevent undesired consequences because of
potential toxicity problems. An alternave approach to this problem is the use of natural
antioxidants, especially tocopherol, plant extracts, and essential oils from herbs artd Epices

addition, some of the antioxidant agents have been produced by utilizing indosttiatstes®
20

Another approach for using antioxidant material in food applications is active food packaging.
Basically, antioxidant food packaging materials can be categorized into two groups in terms of
their designs. In one of the desigastioxidants are released from the food packaging and react
with oxygen or reactive oxygen species in the headspace or directly in tR€Fbd@ne of the

main advantages of active food packaging with an antioxiclamtolled release systemtisat
antioxidant agents are released from the system through food, gradually. This control over the
release mechanism is to provide the presence of the active agents during all storage and
transformation time which means that the protection functions wisifaresent in the packaging
material for a longer time when comparing the direct application of antioxidants. In the other
design approach, oxygerlated substances are scavenged by the antioxidant scavengers, which
have been incorporated into the foattkaging™ ?2. In addition to these studies, many different
methods and techniques are being tested to reduce the effects of oxidation reactions on food
products and improve the stability of these new alternative packaging technologies for improving
the quality and safety of oxidatiesensitive food products, e.g., modified atmosphere packaging

for optimizing oxygen and related substance fyahd encapsulation of the active agent in order

to control the release rate for the increasing the presétiue active agent during the packagthg

In the literature, there are many different studies related to the application of different types of
antioxidants with different applications. For example, the suitable antioxidants for food such as
butylated lydroxytoluene (BHT) or butylated hydroxyanisole (BHA), have been addressed while
reducing the risk of undesired consequences of the toxicity problem of synthetic conigbunds



Another example is thatt@acopherolloaded poly(lactic)acid microparticlesmtaining 40 wt% of

the natural antioxidant agent are produced for the biodegradable an oxygen scaveng#; system
the blend coextruded film (lowdensity polyethylene and polyamide6/66) is produced with the 0,8
and 14 mg/g butylated hydroxytoluene (BHMr active food packacifg three different
antioxidants, which are butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and
tertiary butylated hydroquinone (TBHQ), are incorporated inside the polypropylene active
packaging via extrusion moluaj proces¥. For this perspective, there are many different studies
that are submitted to the literature with different methdéfsand alternatively, bidbased
antioxidants and essential oils are good candidates to substitute synthetic antioxidant
compound®4% In addition to these studies, antioxidant agents can be extracted from agricultural
and industrial wasté The motivation/aim of all these studies that knowledge about the positive
antioxidant activities on the quality of food produetkile the interaction of agents with the
reactive oxygen compounds that the reduction in the rate of the lipid oxidation of the food can be
observed and the shdife of the food can be increased thanks to the presence of the antioxidation

agents withouany risk for the human health

It is important to make this statement as well that there are some limitations due to the material or
working principle of the systems. The preservation and stabilization of the food quality is provided
by the presencd the active agent in the package and its activation. In case of depletion or absence
of the active agent, nutrient degradation is observed because the functions gained in the presence
of the agent will not work. The other limitation is that the mateaducannot homogeneously
interact with the entire food surface. Therefore, deterioration will occur in areas where the active
agent is not present, which will negatively affect the quality of the food and thereby human
healtl{®. In addition, the directse of some of the antioxidant agents on the food or food surface
has been restricted because of toxicity problems and while optimizing the oxygen content in the
package has an effect on the control of oxidation reactions, for the same cases, this teginot en

be sufficient because oxygen dissolved in the food is very difficult to detect or completely remove
during packagint}**** Due to these limitations, studies should be conducted on these systems
and new systems should be developed thatnawee innovative, economical, and aimed at

protecting human health.



1.1.3 Antimicrobial Food Packaging Materials

Foods are perishable products that can be spoiled or deteriorated by any environmental effect
during the food supply ch&ih One of the mia reasons for food spoilage is foodborne pathogenic
microorganisms. Campylobacter and Salmonella speviessinia enterocoliticaEscherichia

coli, andListeria monocytogeneare some examples of spoilage microorganisms that affect the
food quality*®. Traditional methods, such as freezing, and dfyjnged for food preservation and
preservation are needed to improve sufficient protection under the motivation of prolonging the
sheltlife of foods. However, active food packaging can pidevivarious functions such as
scavenging oxygen, moisture, or ethylene, as well as being designed to demonstrate antimicrobial
activity. In addition to that, active food packaging can be utilized with different material forms

such as films, and sachets.

Antimicrobial food packaging materials which mostly utilized in the form of film that can be
produced by incorporating natural or synthetic antimicrobial agents to prevent food against
microbial activitie4>.Natural antimicrobial agents obtained from natusources by different
methods are relatively safer for the food packaging application in the case of toxicity pféblems

In addition, the extraction of natural antimicrobial agents from nature may require complicated
extraction procedures. The facaththe natural source may be rare and valuable at the point of
production of natural antimicrobial agents may cause problems in the production and use of these
agents at some poifitsHowever, with the increasing interest in food production and paadjagin
demand, natural antimicrobial materials are insufficient to provide the demand. Therefore, the
development of organic or inorganic synthetic antimicrobial agents and the development of usable
systems are also important. Ethylene diamine tetraaceti¢EDitiA), fungicides, parabens, and

other chemicals are examples of the main antibacterial agents for food packaging applications.
Organic acids have been used to prolong the shelf life of foods by preventing the growth of fungi
and bacteria that cause spgi. Sorbic acid also is utilized as an inhibition agent for the
germination of bacterial spores. The inhibitory effect of organic acids is associated with the
passage of its protonated form to the plasma membrane. Because of the high pH in the cell, the
acid decomposes. Protons and anions are released due to the high pH of the environment. As a
result, metabolic growth is inhibité¢°L. In addition,bacteriocins, which have hydrophobic and
positively charged compounds, interact with the negatively charged sides of the cell membranes



and bind to the membrane. By penetrating the membrane of hydrophobic components in

bacteriocins, pores can be formedtie membrarié>3

There are many different methods to improve and design effective antimicrobial packaging
systems. Volatile antimicrobial or nonvolatile compounds included sachets/pads, polymeric
materials which are incorporated with volatile and ndete antimicrobial ingredients, using
coating or adsorbing methods to apply the agent to the surfaces of the polymers, immobilization
of antimicrobial substances in polymers with the presence of ion or covalent bonds, the use of
natural antimicrobial matials in the polymer structure, such as chitésan

Another antimicrobial compound, which is essential natural oils, which have an inherent ability to
inhibit microbial growth, are used as antimicrobial agents in active food packaging. In general,
active components such as aldehydes, phenols, and oxygenated terpenoids found in EOs are the
basis of their antimicrobial properties. In addition, due to their hydrophobic components, EOs
prevent microbial growth by interacting with the cell membrane and natmbfal lipids of
microbial cells, increasing the permeability of the cell membrane, and causing ion losses, which
are important for the life of cefis Thanks to the presence of hydrocarbon monoterpenes inside
the EOs, microorganism cells can be stiaed to passage other antimicrobial agents that are used
in the application to increase the impact of the antimicrobial agent on the microorg&pishts
example, known components of carvacrol and thymol, which are found in the structure of EOs,
may facilitate the entry of components such as eugenol&toli, leading to the breakdown of

the cell membrané

Another potential antimicrobial agent, which is based on biodegradable polysaccharides, is
chitosan and its derivatives that are to havebibdd activity to grarpositive and negative
bacteria, fungi, and also viruség®. For example, the compounds of chitosan such as glucosamine
monomer that can react with the cell membrane because of the presence of positive and negative
charges on thenentioned two that can induce killing bacteria and such by outflowing vital
compounds from the céf®C In addition, the chitosan concentration that is used in the
antimicrobial application directly affects the activitf. Chitosan has been knowas an
antioxidant, anttumor, antifungal, antibacterial, amtiflammatory, antithrombogenic,

immunoadjuvant, and antholesteric agent, and has also many green attributes such-as non
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toxicity, biocompatibility, norallergenicity, and biodegradabilitfherefore, it is widely used in
medicine, agriculture, paper, textile, etc. It is also used in different fields such as the
pharmaceutical and food industf&<Chitin, which is a significant natural polymer that has been
known, is used to produce chsm by deacetylation. Chitin is a naturally available component that
can produce from the presence of numerous living organisms or waste seafood fidtistry
Consequently, chitosan is an affordable and easily accessible polysaccharide. Chitosanis a semi
crystalline material in the solid phase that is typically soluble in diluted organic acids such as
acetic, citric, formic, lactic, malic, or tartaric acidnang others®3%° The use of chitosan as a
material for food packaging films or coatings is becoming more popular as a result of the
aforementioned chitosan qualiti€s In the literature, antioxidant and/or antimicrobial films are

the most common &wge films created utilization of chitosan as the polymeric matrix. The main
reason for that there has been a lot of interest in recent years regarding the use of active agents
which are derived from natural sources, such as essential oils and phenglauodsifound in

large quantities in a variety of fruits, vegetables, legumes, and seeds, among othe%: fhiege

active ingredients, when combined with biodegradable polymeric matrices, have potential
antibacterial and/or antioxidant characteristitsl are suggested as a promising technique for
creating food coatings or films. These active ingredients, which are used directly in food, increase
its shelf life while ensuring its quality and safety. There are many examples of chitosan films,
which areincorporated with tree tea, bergamot, clove bud, cinnamon, or Eucalyptus globulus
among other essential oils, to perform as antimicrobial and antioxidant activity on tPe*fdtd

As microorganisms gain new resistance to agents with antimicrob@nies, it is necessary to
produce effective AP materials with new antimicrobial agents with new methods in the food
packaging industry. In this context, the use of substances with potential antimicrobial effects
against a wide variety of microorganismmsfood packaging has become one of the important

techniques used to prevent food spoilage.

1.1.4. Carbon dioxide Emitting/Absorbing Food PackagingMaterials

Carbon dioxide is an important ingredient for food suchsas meat, bakery, and dairy products
and their preservation against microbial activity can be provided with desired carbon dioxide

concentration. Thus, carbon dioxide can perform an antimicrobial activity to prolong théfehelf
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of foodd?, and alsdhe carbon dioxide, which is produced by the packaged foods during storage,
helps to suppress physiologically reactive deterioratidhis clear that carbon dioxide has a

positive impact on food.

Chemically, carbon dioxide is known as nonpolar gakia heavier when compared with oxygen

and nitrogen. Because of the higher molecular weight of the carbon dioxide (44 g/mol), the
diffusion of carbon dioxide will be slower in the &iHowever the reason that it shows effective
antimicrobial activityagainst grannegative bacteria and molds is the unique high solubility
property of carbon dioxide in watery and fatty foods. According to the literature, there is a reverse
relationship between the temperature and solubility of carbon dioxide, the isploiihe carbon
dioxide is increased when the temperature decreases. Also, the inhibition property and
antimicrobial property against the microbial is higher at reduced temperature. The high solubility
property of CQcan be important for some food swumhroasted coffee. In some cases, due to high
solubility, CQ concentration in the package may decrease, in these caseemitérplaced in

the package helps to reled3@;, slowing down physiological reactions such as respiration and/or
ethylene production that cause food spoilage. However, theQtiglevel inside the headspace

of the package has also drawbacks on food such as browning avdboflevelopment when the

CO: concentratiorexceed the 20% of the tolerance lindis mentioned above, carbon dioxide is

an important factor in food spoilage. However, since it must be at a certain concentration, carbon
dioxide emitters and absorbers as active agents can be utdiziign active food packaging

systems in order to increase the quality and shelf life of foods.

CO, absorbers have been mainly utilized to prevent volume expansion because of the production
of carbon dioxide, to control the concentrationGgd, insidethe headspace, and to preserve the
iron-based oxygen scavenger agai®’2 The required application in terms of quality
preservation or package integrity, £&bsorbers can be employed in food packaging systems as
sachets, pouches, and/or lsb® absorb Cephysically or chemically. The gas adsorbents such

as metal oxides and metal hydroxides can be included in sachets or active food films to absorb
physically theCOo. In addition, the natural material chitin has a component d@ygucosamine

that is utilized to scavenge the released BYDroasted coffee beafs

In order to absorb the G@hemically, most of the C{absorbers, which are performed in active

food packaging, have specifically reacted with2COC; inherently is an acidic gas so there are
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many alkaline earth solutions and salts that give a reaction withnQ®e case of an aciolase
neutralization reaction. There are many different compounds that are used to absorb
CQO, chemically. Calcium hydroxelis one of them that is used frequently in the application. The
reaction between them leads to the formation of calcium carbonate and water which means, it is
safe to apply food packaging applicatindhe commonly used other compound is calcium oxide
during food transportatidh Sodium carbonate, a type of widely used food additive, is another
promising CQ absorber that may react with €®hen supplied with moisturé. In addition to

these compounds, because of the safety and the capalthigyaifsorption of the GOthat sodium

glycinate can be utilized in the food packaging application in the form of sachets, pouches, or film
75

Activated carbon and zeolite are typical examples of physical gas adsértemisphysical gas
absorbing materials in the porous structure are also performe@iCioabsorption. The main
difference between the chemi&D, absorbersand physicals, there is an adsorption equilibrium

for the CO, absorption The level ofCO, absorptionand the partial pressure GO, havea
relationship in that th€O, absorptionhas been increased when the partial pressu@Gaf
increasesFor the exfanation of the relationship between i€, anda b s or ber s, Henry
Langmuir isotherm, and other adsorption equations can be utilized to analyze tads0tion
capabilities of the materials. In addition, there are other parameters that havedatfect
relationship such as microporous structure, temperature, and humidity. The physical absorption of
CO, phenomena can be called an intrinsically reversible process that is the increase in the
adsorption of C@with increases in partial pressure of £,@nd the reduction of partial pressure

of the CQ in the environment may cause the reduction in the absorbed amount.
1.15. Ethylene Scavenging Food Packaging Systems

Ethylene (C2H4), which is known as pure unsaturated hydrocarbons and as a plant hormone, is
present in nature. It is a volatile substance that is extremely impdotattie plant&. This
hormone, produced by plants, regulates the cycle of plants freimdievelopment to their aging,

and ethylene also controls physiological mechanisfis Ethylene induces physiological
responses in plants such as geotropism, maturation, senescence, dormancy, and’fiééning

some cases, low concentrationetiiylene gas is known to be used to activate the physiological

activities of nutrients after harvés#3 However, the food loss and contamination of food by
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microorganisms are observed because of the exposure to a high level of ethylene with increasing
the ripening of food during the pelsarvest stagé. Active food packaging is one of the important
solutions for the contamination or deterioration of food by ethylene gas. The ethylene scavenger
is required for prolonging the quality and safety of fited’®8°8¢ while absorbing the exceeded
ethylene level produced by fod8 The ethylene scavenger materials commonly used in the type

of sachets, films, or boxes that are utilized to control the ethylene concentrapankaging

headspace to prevent food spoifige

As mentioned for th€0O, active food packaging system, ethylene scavengers also reacted with the
ethylene gas to the absorption in two specific ways such as physical or chemical. The basic
approach for the ethylesremoving system is that the different gases are applied to the headspace

to regulate the exceeded amount of ethylene inside the headspace, then the perforation process is
applied on the packaging material for the passage of the gases and lastly, etlaylengesds

utilized for the removing of the ethylene gases from the sy&tem

Some of the supermarket chains such as Tesco and M&S are utilized ethylene scavengers and
absorbers for fresh fruit and vegetable to control their spoilage and even prolospetidife @

92, The ethylene scavengers are effective agents that are used to eliminate the exceeded ethylene
concentration level in the headspace of packdgBscause of the presence of the double bound

in the chemical structure of tlethylene gases, degradation or change can occur in the structure
while the reaction between the reactive compotfhd@tanks to the chemical structure of ethylene,

many different methods can be performed for the disposal of ethylene. Chemical andl physica
methods are utilized during the food application to scavenge etfyI&he ethylene scavenging

system can be designed as an incorporation of suitable agents inside the small sachets or into
packaging material. The high permeability property of tlobetcan allow the passage of ethylene

gas toward sachets for scavengnt§

Potassium permanganate (KMy)@ased systems, a dependable agent that chemically scavenges
CoHa4 via oxidation process, have been the most-watiwn, affordable, and commonlyilized
ethylene cleaning systems for last y&t§ The improvement of the gas absorption efficiency of
some of the materials such as silica gel or alumina, which are functionalized with 4mMO

increasing the surface area, are utilized as ethy$eagengers via oxidization phenomena.
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According to the literatuf& KMnO. incorporation on the silica and alumina ethylene scavenging

system is developed for ethylene scavenging.

In literature, there are several clagsed materials, which amnsisted of aluminosilicates
tetrahedral and octahedral layers, that are known for their ability to absorb the ethylér@ftjas

is included in the tetrahedral layers with the presence $fcAmmonly and Mg and AF* ions

can also be found in the octahedral layers although the other in&Eg Li*, Fe*, Cr** can be
observed in this lay&P. Activated carbon, zeolites, and other types of -blaged material
adsorbents are utilized to remove physically tiglehe from the system by the presence of the
active surfaces that can be performed in the sachets or incorporated into the polymeric films by
applying polymer melt proce¥s%% Zeolite has been utilized as an ethylene absorber because of
the interiorhollow structure that naturally existed on the material. This unique property of the
zeolite, the hollow and the porous structure, that the zeolite is applied in food packaging
applicationg’. Zeolite is not only a clapased material having such uniqueperties. Halloysite
nanotubes and montmorillonite are examples of naturatdagd materials that are commonly
used in active food packaging applicatiti§2-103

Halloysite nanotube@HNTSs) are natural claypased materials that can be extradtedh nature.
Because of its unique properties such as its high aspect ratio and the tubular structsra,eHNT
utilized in a wide range of applicatiofid®*1%” Specifically, HNB® are used as
nanocarries 94105108111 hacause otheir tubular structure and high loading capacity, and because

of ther high aspect ratiothey areutilized as reinforcing agestin composite materig*? 115,
According to the literature, there is no evidence that HNT is toxic or dangerous for human health
because of that reason, HNT is widely used in food packaging applications as a reinforcer and
ethylene absorber. For example, differamountsof HNTs areincorporated into the lowdensity
polyethylene film, via melt extrusion process, to increase thH kfe of food by the ethylene
absorbing property of HNS”and the alkatireatmenbf HNTs has beedemonstrated tmcrease

the ethylene absorption capadityincrease the shelife of food*°Z.

Another ethylene scavenger material is a rmailladiumpromoted material, that is to have
remarkable ethylene scavenging capabilities at even room tempé&tarirpalladiurdbased

ethylene scavenger, which is applied on climacteric fruit, is enhanced to scavenge the produced
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ethylene by fruits ands a result, the ripening of the fruits is delayed with the presence of the
ethylene scaveng®f. In another study, a palladiupromoted ethylene scavenger is developed in

the form of powder with high ethylene adsorption efficiency (4162 ') when canpared with

KMnOz ethylene scavenger at 20!, The palladium is also incorporated with other materials
such as activated carbon to analyze the synergic effect of the ethylene scavenging capacity.
According to the studies, the synergic effecbdasurred with the combination of palladium and
activated carbon with different concentrations that have a positive effect on the quality of foods

over timgl8120

Basically, the existence of ethylene inside the headspace of the food package caergpedcav
with the ethylene scavenger or absorber to prolong the safety, quality, and shelf life of the fresh
food. There are some parameters that are directly effective on the scavenging efficiency of the
compounds that are used in the food packaging applicstich as concentration or the amount of
the scavenger or absorber, the efficiency of the material, which is able to work at high relative

humidity, and lastly the temperature that is applied during the storage process of $h&food

The designed sgem, which has the ethylene scavenging ability to prolong thelgbeif food,

should be carefully designeSipecific parameters such as intended fruit/'vegetable application and
expected shelf life of food determine the design of an ethylene scaveygiag and the ethylene
absorption capacity of an ethylene scavenger, which is utilized in the system, is considerable for
the applicationFor these purposes, the material that is performed in this application is in the form

of sachets and plastic filrffs

Sacheformsof ethylene scavengeare mainlyutilizedin food packaging applications in order to

remove ethylene from the headspace or minimize the ethylene activity while decreasing the
ethylene level inside the headspdc®orous structurbasd sachets are utilized to ensure the
passage of the ethylene gas and the materials, which are used as ethylene scavengers, can be
applied in different forms such gowder, granules, and be&tsAdditionally, there are new
attempts to usethylene scavenging sachets for cold stores and shipping containers in the form of
porous slabs and blank&sThere are many examples of commercial ethylene scavengers. Sachets
and SendoMate, EveRresh, Biofresh are examples of those products. Hawtwre is a need

for some consideration about theeus the sachets because of some of the parameters that are
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directly related to the performance of the sachet such as high relative humidity, dimensions, the

type of fruits and vegetables, exposure ttméhe ethylene, and many other paraméters

Polymer films are very common materials that can be observed at almost any stage of the food
supply chain to increase the shidié of food or protect the quality/freshness of the food.
Polyethylene (PE)polypropylene (PP), polyvinyl chloride (PVC), and polyethylene terephthalate
(PET) are examples of polymer that can be utilized during the film production process for
packaging. The thickness of the films can be found in the ranger6020m wi t hwatar hi g h
vapor transmission rate (WVTR) Thanks to technology improvements, several elmsed and

other types of ethylene scavengers such as Z&§litéNT*°, and KMnQ?!?2 can be embedded
inside the polymeric film via different methods. Althougfire main criteria of the applied methods

are related to the incorporation of the ethylene scavenger agents inside the polymeric matrix
whereas the coating method can be utilized for the preparation of the active food pdékaleg
solvent casting mntbod is utilized for the production of the chitosganium dioxide
nanocomposite fild#3, and melt and blowing extrusion methods are performed for the fabrication
of polyethylenehalloysite nanotubes nanocomposite fimThe drawback of such kind of
application is the limitation of the incorporation amount of the ethylene scavenger inside the film
because exceeding the limitation of the additive concentration that can negatively affect the
polymeric material such as barrier, and mechanical prop&ifésIn addition to that
agglomeration problems directly have an impact on the barrier properties of the polymeric films

while causing damage to the polymer maftix

1.1.6. Flavor and Odor Scavenging Food Packaging Systems

Flavor and odomabsorbers are one of the popular materials that are utilized to absorb undesired
gase in the package. ®atile package ingredientgase with chemical and microbial activity,
respiration products, or effavors in raw foods are examples safchgaes!®. There are some
compounds that induce some chemical reactions occurring in food. For example, after the protein
decomposition, sulfurous and amine gases are released into the environment and the oxidation of

lipids can lead to emitting aldehydes antbkes compoundé.

The main mechanism to explain the formation of the flavors and the reduction in the food quality

in the food packaging is the mass transfer phenomena in the packaged food while interaction
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between the food and package matetfélMigration, flavor scalping, selective permeability, and
transferring the contents that are present in the heterogeneous region of food is the familiar
phenomenon that are occurring in food packaging systems. Because of the direct interaction of the
food and food packaging materials, the migration of the compounds that are present in the
packaging toward food is a very commonly observed phenomenon. For this reason, it should be
considered that the phenomena can be a risk to human health, in the cageregdhee of the

food packaging compounds after migration inside the ediblef®oMonomers, dimers,
oligomers, solvent residues, and other additives such as scavengers are examples of the migrants
that can be migrated after the interaction. In additile& migration phenomenon of chemicals can

be considered in specific ways such as the total migration and specific migration of the

chemical&?®.

Various parameteiigcludingthe interaction area of food with the food package, interaction time,
food ingredients, concentration or amount of chemigalgrans), temperature, morphology, and
polarity of the packadé’'?®have an impact on the level of migration of compoundavdF
scalping is one of the undesired phenomena that some of the desirable volatile food flavors, such
as flavors of orange juit®&?° can be absorbed by food packaging materials. Polyeth(fki)e

is one of the most popular package materials fofabe packaging industry whereas PE is known

as scalper in the literature in the case of flavor scalpinghe specific knowledge about PE as a
flavor scalping comes from its inherent polyolefinic nature because of that property, the nonpolar
compoundsas the aroma and volatile flavors can be retained, and consequently, food quality
reduction can be observed. In order to solve such kind of problems, increasing the barrier
properties of the packaging material can be a useful solution for the prevergibsooption of
desired volatile compounds.

Flavor and odor absorbers which are encountered in the form of sachets, tapes, trays, and films,
have also been utilized with the same mechanism to prolong the shelf life of food while removing
undesired flavorsor odors. The general usage type of the absorber that can be found in the
application is the presence of the absorber inside the food package or porous materials. The
absorption ability of porou/pe materials, such as zeolite and HNT, arfsem speciic high

surface areadsilms are also utilized with the incorporation of the absorbers and the absorbing
efficiency can be examined with the arranging of the thickness of films because the higher
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thickness is to give the film a chance to absorb a highedegf flavors whereas the rate of
adsorption and the diffusion of the flavors are not correlated with the thickness of the film in the
case of high absorption efficiency. The degree of the absorption rate such as the adsorption rate
of the surface and thé i f f usi on property is related to f
composition, the type of packaging materials, and physical properties of the packaging such as
morphology, porosity, and crystallinf§?. High barrier properties or pokype packging
material can be performed to restrain the absorption cfotar flavor. On the other hand, non
porous plastic materials can also absorb flavor molecules and no chemical reaction is observed
during the absorption event. When absorption occurs, aease in adsorption kinetics and
diffusion kinetics begins to occur, which gradually leads to an increase in the absorption rate.
When a chemical reaction between the packaging material and the flavor exists, it directly has an
impact on the kinetics of éhphenomena. The acidic agents can be utilized to absorb or neutralize
some alkali chemicals such as ammonia and amines in the presence of the packagintftterial
There are also many different commercial products that are used for the absdrption and

flavor such asABSCENTS, AromaCan®, ATCO® oxygen scavengers, CompelAroma®,
ODORLESS D, and Sincerd®. One of the ethylene absorbers known as Retarder® can be
utilized to remove the off odor. A combination of the clays and activated carlsiicate with
different concentrations can be performed as a flavor and odor absorber. Another commercial
material Natrasorb with moisture, odor, and oxygen absorber can be utilized inside Package
There are also flavors and odors emitters forgasing the attention of the consumer to the food
while increasing the aroma or flavor of food as in some packaging the encapsulated flavors or

odors active agents can be fotitd
1.1.7. Barrier Packaging Materials

There is a certain difference between the polynardthe metabr glass food packagg materials

which is the permeability property of the polymeric food patkgagmnaterials Polymeric
packaging films are mostjyermeable to small molecules such as gjasater, and organic vapor,
flavor/odor, and other food additivés different degreesThanks to the barrier properties of the
packaging material, the passage of the molecules can be transferred from higf*toTloey
regulation of such kinds gfasmolecules inside the package is an important phenomenon because
theexcesdevels of thesecan irducefood spoilage and decrease the shelf lifthefood. For these
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reasons, behaviorsf gas moleculesuch as solutigndiffusion, or permeation under déifent
conditions are one of the main research areas for the food packaging industry. The barrier property
of the films can be affected by the polynpeocessing conditions and also ff@ymer properties

such as crystallinity ratio, the distribution of tbeystalline and amorphous regions, inherent
structure, chemical groups, polarity, crosslinking degree, and glass transition temperafure
Moreover, the sorption properties of the polymeric packaging materials can be directly affected by
the natue of the food such as pH, fat content, and aroma compound and the gas barrier properties
of the packaging material can be also affected by environmental circumstances such as fluctuations

on temperaturandrelative humidity>2,

Film structure, thicknesssurface areas, temperature, and pressure are directly related to the
diffusion of any permeates through the film. The film permeability is basically the permeation of
any gases, across the matéffal®® The passage of any gas molecules across atfdirhas any
deformation on the matrix is known as activated discussion which means that the permeate can be
dissolved inside the polymeric matrix from the high to low concentration region then evaporate
the other surface. The solubility differences be&mwéhe gases are another specification for the
diffusion-ability of the gases from the one side the other'&id@he next phenomenon is
permeability, which is the diffusion of the gases, that is directly related to the size, shape, and
polarity of thepermeant molecules and the matrix properties such as crystallinity and crosslinking
degrees. The permeation of the gas molecules is inhibited in the crystalline region of the polymeric
matrix because of the solubility problem of the gases in that ré§ichhe amorphous regions in

the semicrystalline polymers are utilized for the permeation of the gases. The decrease in the
permeability is related to the reduction of the suitable volume inside the polymer (increasing the
crystallinity of the matrix) ath the large tortuous path between the crystallites. In other words, the
permeability of the polymer matrix decreases when the crystalline phases in the matrix are
increased. The permeation rates of the gas molecules across the polymer films are dependent o
film area and thickness and c &%hFulther caculgtiona i n e d
and the explanation of diffusion are explained in the article by Sirséusa

However, reducing the gas permeability properties of packages is one of the important research
topics for prolonging the shelf life of food. In the food packaging industry, because of the
protection functions of the packaging material against the mechactesmical, and microbial
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damages which can be occurred by external forces, synbastér polymeric materials are
commonly utilized®. In the industry, several kinds of polymeric materials almost more than 40%,
such agolyethylene (PE), polypropylenPP), polystyrene (PS), polyvinyl chloride (PVC), and
polyethylene terephthalate (PETgve been utilized in different types of package forms such as
films, sheets, bottlé& 143 As mentioned before that the permeability of small molecules such as
gases and vapors that are to consist of oxygen, carbon dioxide, flavor, and organic vapors by food
package materials that one of the drawbacks of the usage of polymer materials for the food
packaging industifL.

Different industrial areas such as couostion, water, gas transportation, electronics, and
aerospace, have tried to deal with the permeability performance problem of materials. In addition,
the issue of the permeability in the food packaging materials, pharmaceuticals, and electronic
devices™1441%5is an urgent problem that can be solved for the stable protection functions of the
materials. In order to solve this problem, diffusion of the small molecules can be inhibited by using
polymer nanocomposite films or multilayer films which areduced with different methods such

as coating or blends with high barrier propettieshe drawbacks of using blended polymer and
multilayer composited films compared with the nanocomposite polymeric material that is the
higher cost, additives, andhar additional polymers, and because of such additives the recycling
problems*®. Nanocomposite polymer films and materials are also preferred when comparing the
cost and recycling problems, whereas there is a need the improvements for properties of thes
materials such as barrier properties that can be improved by using new methods and new

strategies®146154

Designing the nanocomposite material with the incorporation of the additives such as
montmorillonite, which is a lamellar additive and hasgh laspect ratio, can increase the pathway

of the small molecule$®. The barrier properties of the polymeric material can be increased with
the presence of additives which are utilized to decrease the permeability of the film. There are
important considerations for the nanocomposite material that the dispersion and exfoliation
behavior of nanopatrticles inside the polymer matrix. The additives are not only for improving the
barrier properties of the materials while increasing the diffupathway of the gas molecules,
even if the nanoparticle, which is to have a high aspect ratio, well aligned inside the matrix during
the manufacturing process, has a positive impact on the mechanical properties of the ¥h&terials
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Additives such asanoparticles can give a threshold for the gas molecules for their diffusion
mechanism while increasing the tortuosity of the diffusion pathway. Consequently, the presence
of the nanoparticle inside the polymer nanocomposite material tends to increaas therger
properties of the materials because of the expansion and tortuous diffusion pithwagdition,

the presence of the nanoparticle (in the form of a sheet/plate inside) of the polymer matrix can
form an interaction between the particles amatrix; therefore, the motion of the polymer chains

is affected by this interaction. Because of the presence of nanoparticles and also the interaction,
the available volume for the diffusion of small molecules and their solubility will be aitéred
According to the studies, high aspect ratio nanoparticles are required to improve the gas barrier
properties and their alignments on the matrix would be perpendicular to the pathway of the
diffusion of the gas molecules. The interfacial interaction betwkennanoparticle and the
polymer matrix is another important key factor for the increase in the gas barrier properties of the
polymer nanocomposite materigfst>8162 The claybased material such as mica, talc, and
montmorillonite are also utilized aseinforcement agents to produce betierformance
nanocomposité&>1%4 For example, to the statement, different halloysite nanocomposite content
is incorporated into the LDPE matrix to increase the mechanical, thermal, and barrier properties
of the ranocomposite film®. High mechanical, gas barrier, and thermal properties of the
nanocomposite can be obtained by the incorporation of the clay nanoparticle inside the polymer
matrix'%. In other studies, the exhibition of the high strength, stiéinasd high aspect ratio Na
montmorillonite (Na-MMT) clay with its unique lamellar structure is performed as an additive to

increase the performance of the polymer nanocompéfsite

1.2 Dissertation Overview:

In the thesis, development of fo@ackaging materials, which are suitable for delaying food
spoilage and waste, are the main objeatifvhe studies. The two essential factors in the
deterioration of fruits and vegetables are fripening ethylene gas and excess level of humidity.

Heret wo di fferent types of hybrid nanocomposite
negative effect on food, while integrating active agents that have an impact on the shelf life of

fruits into a polymer matrix.
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The first nanohybrid nanocomposite material was designetthodea sustainedelease system
prepared byheimpregnation otinnamaldehyde essential @ito halloysite nanotubeshat was
integratednto polypropylene matrix. The resulting flexible packaging films slowly released
cinnamaldehyde, which was shown to inhibit ethylene release from fruits, thus delay the ripening
andincrease theheltlife of bananas while inhibitionf theethylene production blgananasThe
second hybrid nanocompasitmaterih was a novel, flexible, waterborne polyurethane
nanocomposite foam incorporated witfalloysite nanotubes that cdmeep fruits fresh via
regulationof the package atmosphere by absorbing ethylene gas and excess humadity.
different solutionsd the problem of pogtarvest food spoilage and food waste during storage and

transportation have been provided by the design of hybrid nanocomposite materials.
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CHAPTER 2. Extending the Shelf Life of Bananas withCinnamaldehyde Essential Oil
Impregnated Halloysite Nanotubes/Polypropylene Nanocomposite Films
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2.1 Introduction

Food waste due to premature spoilage often arises from improper handling of food until it reaches
the consumer andonstitutes a major economic problem. According to research, approximately
onethird of the food produced is wasted before consumption every®yedn different food
categories such as eggs and egg products, dairy products, and fruits & vegewlbbex] thss

ratio is recorded at about 40'®!7° Particularly, fruits and vegetables are among the main
sources of nutrients for human life in terms of their high nutritional ¥&juand their proper
preservation from spoilage and waste redudsoimportant both to prevent economic problems

and foodborne diseagéd!’ Many different research studies have been carried out to prevent
food loss due to spoilage. One of the innovative approaches developed by material scientists is
active food pakaging technology for safer, fresher, and higieality foods. The purpose of
active food packaging (AP) is to solve the problem of food loss by incorporating additives, such
as antimicrobial compounds, preservatives, oxygen absorbers, water vaporrabaathethylene
scavengers into the packaging materials to extend the shelf life of food. AP not only extends the

shelf life of foods but also prevents foodborne diseases and preserves the nutritional quality of

foodg175:176

Fruits and vegetables eamaturally perishable foods, whose spoilage is induced by different
parameters related to inappropriate growth environment,gnd posharvest conditions, storage
conditions, packaging process/conditions, package atmosphere and supply clEmyene gas
released from fruits and vegetables is another major factor causing their deteribf&tidn
Ethylene is actually aatural plant hormone produced for growing and ripening during the pre
and postharvest stages by climacteric foods. However, excessive exposure to ethylene gas within
the packaging headspace causes overripening, which results in faster deteriouatideg tbasing

the shelf life. In the literature, many different studies have been reported that aim for the inhibition
of the ethylene production, its oxidation or its scavendfi{g®. Incorporation of ethylene
absorbers such as zeolite and halloysaeotubes (HNT) or oxidizing agents such as potassium
permanganate and titanium dioxide, into food packaging materials constitutes one of the most
efficient methods to keep ethylesensitive fruits and vegetables fresh for longt418”,
Furthermoe, treating ethylensensitive food products with mimics of ethylene gas such-as 1
methytcyclopropene andloe vera gel has been demonstrated to inhibitethglene action by
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binding to the ethylene receptors and prevent ripetii¢fe18° The effet of some ethylene
production inhibition agents on the ripening of fruits and vegetables has also been studied. For
examplethe physiebiochemicakesponse of mango fruit teBenzylaminopurine is investigated
during storage conditiont§. There havelao been studies on the inhibition effect of essential oils
on the ethylene production of fruits and vegetaMésle essential oils, netoxic, ecofriendly
natural plant extracts have been widely utilized in different food applications mainly as
antimicrobial and antioxidant agents for maintaining food quafy®4 there have also been
studies on the inhibdn effect of essential oils on the ethylene production of fruits and vegetables
194199 However, the demonstration of the incorporation of essential oils into food packaging
materials as ethylene release inhibiting agents has been K#¥d¢° mainly because the direct
incorporation of volatile essential oils into packaging materials is not possible due to the high
temperature polymer processing conditions. Incorporation of an ethdimase inhibiting agent

into food packaging films via austained release system that allows its {rgn, slow release
from the packaging film can allow the release of the ethytelease inhibiting agent into

packaging headspace and delay the ripening of the packaged food product.

In this study, cinnamaldehyde (CA), the active component of the cinnamon essential oil, was
investigated in terms of its ethylene production inhibition properties and encapsulated in natural
halloysite nanotubes (HNT) to obtain a sustained CA releasensyfesulting HNTCA
nanohybrids were embedded into polypropylene (PP) matrix and polymeric nanocomposite films
that can slowly release an ethylene production inhibition agent were obtained. The effectiveness
of the PP/HNTCA nanocomposite films on the shéfe of banana, an ethylersensitive fruit,

was investigated.
2.2 Experimental
2.2.1. Chemicals

Hall oysite nanotubes mined from Bal ékesir, Tur
(521 P (MFR = 3 g/10 min; density= 905 kdjnparticularlydesigned for biaxially oriented PP

film extrusion with a very specific molecular structure providing the ultimate properties required

for the stretching process, were obtained from Sabic Polyolefins, Germany. CA was purchased
from Tokyo Chemical Industry &, LTD. Extra pure methanol (99.8%) was purchased from

Tekkim Ltd. (Bursa/Turkey). All chemicals were used without any further purification.
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2.2.2. Preparation and Characterization of HNT-CA nanohybrids

Prior to the impregnation, HNTs were dried in a waouoven at 100 °C for 24 h. HNTs were
impregnated with CA via solvefaissisted impregnation methodold§§ 0.3 g of CA dissolved in

10 ml of methanol was mixed with 0.7 g of HNTs. The HEA mixture was sonicated in a bath
sonicator for 20 min, placed a water bath at 70 °C, and vacuum was applied to the mixture to
remove the methanol by decreasing the pressure to 0.3 kPa. The resultifgAipblvder was

dried overnight at room temperature and stored in a sealed container at 4 °C.

The Shimadzu Corp. DG-60H (TGADTA) was used to determine the amount of CA
impregnated in HNTs. The sample was heated to 1000 °C at 10 °C/min under nitrogen flow. The
impregnation percentage was calculated by the difference of the total weight loss of raw HNTs
and HNTCA nanohybrids in the range of 25 to 1000 %€,

Differential Scanning Calorimetry (DSC) (Thermal Analysis MDSC TAQ2000) was performed to
evaluate the CA content of HNTA nanohybrids via calculation of evaporation enthalpy of CA.
The temperature was set up between 50 and 320 °C at a rate of 10 °Céminaaninert
atmosphere. ThEA evaporation enthalpy was calculated through the tangent m&hagg. 1

was used to determine the CA amount in the nanohybrids.

Xea: (OHuNT-ca/ oqHpure cA) X 100 Eq.1

where theXca denotes the perctage of CA,qHunT-ca denotes the evaporation enthalpy of the
HNT-CA nanohybrid, andpgica denotes the enthalpy of evaporation pure CA. The calculations

were completed using TA Universal Analysis software.
2.2.3. Release of CA from HNTFCA nanohybrids

DSC analysis, which was used to detect the evaporation entha&py wias applied to investigate

the sustained release of CA from the HEA nanohybridsHNT-CA nanohybrids were placed

in an unsealed dish and kept at room temperature and 53 % humidity. At each time point, three
samples were taken from the different parts of the dish before the analysis and DSC was performed.
The results were constructedngpithe average of three measuremerie release profile of CA

from the HNTs was determined by using Eq. 2.

%Rca = 100- (ot / opHo) x 100 Eq. 2
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where%Rca denotes percentage of released @Hp denotes the initial evaporation enthalpy of

CA andgH: denotes the evaporation enthalpy of CA at the time pbint
2.2.4. Ethylene production inhibition properties of HNT-CA nanohybrids

The ethylene inhibition property of HNCA nanohybrids was investigated usin@%0 Three Gas
Analyzer (Felix Instruments) on continuous sampling mode. The analyzer was connected to an
airtight chamber into which two apples were placed and the incretiseethylene concentration

in the chamber was monitored for 24 h. Then, the same process was repeated with 0.5 g neat HNT
powder and 0.5 g HNCA nanohybrids in the sealed chamber, respectively, using the same
apples. Changes in ethylene concentrations {@éje calculated relative to the ethylene
concentrations in the chamber containing apples only. For all experiments, with and without the
HNT-CA or HNTSs, the process was repeated three times, and averages of three ethylene release

profiles were reported feeach set.

The ethylene production inhibition properties were further characterized by monitoring the
ripening process of ethyleieeated bananas in the presence and absence of theCANT
nanohybridsGrand Nainebananas were harvested from the greesésin Antalya, Turkey and
transferred to the laboratory within 24 h. Bananas were exposed to 100 ppm ethylene gas in an
airtight container for 24 h to mimic the commercial ethylene treatment applied to bananas in
ripening rooms. Five bananas of the saime,sveight, and color were placed in a sealed PP box
(15 x 20 cm). Two sets of banaoantaining boxes were prepared where 0.5 g HIMT
nanohybrid was placed into one of the boxes, and the other box did not contahkCAINT

nanohybrids. The quality of thebanas was investigated for 7 d.
2.2.5. Preparation and characterization of PP/ HNT-CA nanocomposite films

PP/HNT-CA masterbatch was prepared using a t8g¢rew extruder with a 1®m screw diameter
and L/D ratio of 40 (Zamadvercator). The mixture of HNFCA nanohybrids and PP granules
containing 15 wt. % HNACA was poured inside the extruder through the feeding zone. The
temperature and rpm of the screw were set betwee24®@0C and 650 rpm, respectively. A water

bath was used to cool the produced nangmosite and a cutter was used to pelletize.

The blends of PP/HNTCA masterbatch and PP pellets were extruded using a 110kg/h capacity

corotatingscrew extruder with 40 mm screw diameter and L/D ratio of 32/1 at 250 °C and 75 rpm
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screw speed into cast fisnof 1 mm thickness and 200 mm width. Nanocomposite bioriented
PP/HNT-CA films were manufactured on a pilot bioriented PP manufacturing line on which the
cast films are stretched in both machine direction (MD) and transverse direction (TD). The
stretchingratio in MD and TD were set to 4:1 and 10:1, respectively. The processing

temperatures of MD and TD stretching are presented in Table 1. Nanocomposite bioriented films
with 20 = 0.6 pm thickness and 1200 mm width were obtained.

Tablel. Processing conditions of the bioriented PP/HEA films.

MD Roll2 [Roll3 |Roll4 |[Roll5 [Roll6 |Roll7 [Roll9 |Roll 10 [Annealing
104°C [(104°C |105°C [103°C [103°C |85°C |100°C [100°C (90°C
0 Zone 1|Zone 2|Zone 3|Zone 4|Zone 6|Zone 7

180°C |180°C |160°C |160°C [170°C [150°C

The Scanning Electron Microscopy (SEM) analysis of the PP, PREINT.25%, and PP/HNT
CA_1% films was performed using Zeiss LEO Supra 35VP. The films were mounted onto cross
view SEM stubs usingloublesided carbon adhesive tape and were coated witfPdAUA

secondary electron detector was used to obtain high resolution at 3 kV.

Mechanical properties of PP/HNTA nanocomposite films were tested using a Zwick Roell Z100
universal testing machine W), which has a load cell of 200 N, 22 mm grip distance, and a
crosshead speed of 12.5 mm/min according to ASTM DAM0&ach specimen was tested at least

five times.
2.2.6. The activity of PP/HNT-CA nanocomposite films on the shelf life dbananas

Grand Nainebananas were harvested from the greenhouses in Antalya, Turkey and transferred to
the laboratory within 24 h. Bananas were exposed to 100 ppm ethylene gas in an airtight container
for 24 h to mimic the commercial ethylene treatmentiagpio bananas in ripening rooms. PP,
PP/HNT-CA_0.25%, PP/HNICA_1% bags with a size of 35 x 35 cm were prepared using a
thermal bag sealer. Bags were perforated using a paper punch resuB#hdnoles of 0.6 cm
diameter in each bag. Five bananas oftee size, color, and weight, from the same comb, were
inserted into each bag and the bag was sealed with a rubber band. Three sets were prepared for
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each control PP and nanocomposite films along with 3 sets of unpackaged bananas as no film
controls. All ®ts were stored at room temperature for 7 d. Bananas were photographed every day

to monitor any change in their appearance and color during the storage process.

Weight loss, which is one of the parameters used to examine the quality of bananas, waslevaluat
Bananas in all sets were weighed on the first day before packaging and on the seventh day, after
being taken out of the bags. Average percent weight loss of bananas in each bag was reported.

The firmness of bananas was examined using A TA.XTplusQuileXnalyzer (Stable Micro
Systems) equipped with a thepeint bend rig probe (A/3PB). The analyzer was calibrated with 2

kg load cell and the measurement was performed in compression mode dést ppeed of 2

mm/s, test speed of 1 mm/s, ptstt sged of 2 mm/s, and a trigger force of 5 N. The prebe
distance was arranged at 30 mm, and theq@dstn probe distance was arranged at 30 mm. The
peeled bananas were placed on two supportive lengths and the position on the supportive length
of the baanas was adjusted to be exactly perpendicular to the probe motion plane. The firmness

of bananas in each set was reported as the average firmness of 5 bananas.

Color measurements of the banana peel were performed using the manual colorimeZSNPCE

1 (PCE Instruments UK Ltd). L*, a*, and h° color values were examined to interpret the quality of

the bananas. Due to the inhomogeneous color distribution of the peels, the surface of the banana
was divided into three regions as upper, middle, and lower, Bdlér scans were made from

each. Color measurements were made on the first day of the experiment and on the seventh day.
An average of 45 data points taken from each banana was calculated and for each set an average

color score of 5 bananas in each bags weported.
2.2.7. Statistical analysis

The oneway ANOVA test was used on the experimental results, which are included in the
examination of at least three samples, that identified the significant statistical differences between
the results. The meaeasults differences were examined by p<0.05 using Origin Pro software v.8.5.
(OriginLab Corporation, USA).
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2.3 Results and Discussion

To obtain an ethylene production inhibition agent release system, HNTs were impregnated with
CA via solventassisted impregnation with vacuum application (Figure 1a). The impregnation of
HNTs with the CA was proved using TGA via the difference of the total weight loss of neat HNTs
and HNTCA nanohybrids in the temperature range of 20 to 1000 °C (FidyreHNT-CA
nanohybrids were demonstrated to contain 25.3 wt. % CA. The slight deviation from the theoretical
CA content of 30 wt. % was potentially due to the volatility of the CA causing it to be lost on
vacuum application. Vacuuassisted impregnationlas the internal cavity of HNTSs to be filled
beyond their capacity, causing not only filling of the lumen but also all pores due to capillary
effect®2% Thus, cinnamaldehyde impregnated HNTs were not expected to absorb ethylene gas

as opposed to neat HNTs, which are well known to present ethylene adsorption properties.

%CA
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Figure 1. Schematic illustration of impregnation of HNWsth CA (a), TGA of HNT and HNT
CA nanohybridgb).

HNTs have already been demonstrated to be used as ethylene scavenging additives inside
nanocomposite films that can increase the difelbf bananas$®2°” Here, however, HNTs were

used as carriers for an ethylene production inhibition agleatefoe, the release of CA from

HNTs must be demonstrated to confirm that the diielfmprovement affect is caused by the CA
essential oil and not the HNTs themselves. The release profile of the CA was investigated using
DSC. Figure 2a demonstrates the phasasitions of neat HNTs, CA, and the HICA
nanohybrids that were used to monitor the release of CA from the®Nmanohybrids. The
evaporation point of pure CA at 197.5 °C was shifted to higher temperatures for thR€AINT
nanohybrids and were recordatl 216.9 °C proving that the CA was actually impregnated in
HNTSs. Figure 2b demonstrates the release profile of the CA from the®MNianohybrids for

180d. The results showed that, at the end of the first 10 d, 62 % of all CA was released from the
HNTs,and 70 % of the total CA was released at the end of 40 d. It has been observed that 10 % of
the CA has remained in the HNT for a long time and was slowly released. Because of their unique
tubular structure, HNTs inhibited the release of the encapsulatece§ifting in a sustained
release system that can slowly release the CA over a long time. This result demonstrated that the

HNT-CA nanohybrids will have a long shelf life and will be active for at least 180 d.
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Figure 2. DSC diagram of raw HNTs, CA, and HNJA nanohybrids (a), release profile of CA
from HNT-CA nanohybrids (b).

Ethylene production inhibition properties of the HITRA nanohybrids were investigated with an
experimental setup, where apples were used as ethylene producers in an airtight chamber
connected to an ethylene analyzer. Figure 3 demonstrated that whe@ANanohybrids were

placed in the chamber, the ethylene production from the same apples were reduced by 20 %. Under
the same conditions the presence of neat HNTs did not decrease the ethylene concentration.
Although neat HNTs are well known to present ethglesorption properties, they did not
decrease the ethylene concentration within this experimental setup, potentially due to the presence
of apples acting as continuous ethylene producers, and the ethylene absorption rate being slower
than the ethylene pduoction rate. On the other hand, under the same experimental conditions, the
presence of HNICA nanohybrids significantly reduced the ethylene concentration relative to the
environment without HNTs or HNCA nanohybrids. As CA impregnated HNTs are not eigu
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to absorb ethylene gas, the lower ethylene concentration in the presence-GfAiNhohybrids

can only be explained with the ethylene production inhibition effect of the released CA. It can
be clearly stated that the CA released from the HNTseslosown the ethylene production in
apples, and that HNTA nanohybrids can be used to provide an inhibition action of the ethylene

production of fruits and vegetables.

100 +

a0 S

Ethylene (%)

Ethylene release Ethylene release from  Ethylene release from
from apples apples in the presence apples in the presence
of HNTs of HNT-CA nanohybrids

Figure 3. Ethylene production inhibition performance of HICA nanohybrid.

Inhibition of the production of the ethylene gas by the HBDI nanohybrids was further
confirmed on bananas by monitoring the shelf life of ethytee@ted bananas. Two sets of green
bananas were placed into airtight boxes, one containing-@G~NTHanohybris and the other one

empty and stored at room temperature for 7 d. Each day, bananas were taken out of the boxes and

photographed to monitor their ripening in the absence and presence of th€ AlNanohybrids
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(Figure 4). The bananas, which were placedthe box containing HNICA nanohybrids
significantly presented a slower ripening period, as they remained greener, free of brown stops
then the bananas, which were placed in the empty box, after 7 d. This result indicated that the CA
was released from ¢hHNT-CA nanohybrids and inhibited the ethylene production level of
bananas, so, HNTA nanohybrids can be used as ethylene production inhibition agents to

improve the quality of bananas during storage.

[ () HNT-CA ——

Day 0

Day 4

Day 5

Day 6

Day 7

Figure4. Ripening of bananas in the absence and presence ofGA\Tanohybrids.

In order to incorporate HNCA ethylene production inhibition agents into active food packaging
films that can improve the shelf life of bananas and prevent banana waste and Sgbila@A
nanohybrids were embedded into PP matrix and PPfBNThanocomposite films were produced.
A PP/HNT-CA masterbatch containing 15 wt. % HNJA was prepared using a twatrew
extruder, which was then used to prepare bioriented PP nanocomposite fdrpgat scale film
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production line. 30 pum thick RRIWNT _0.25% and PRMWNT _1% nanocomposite films with

9.4 % and 31 % haze transmittance, respectively, which appeared to be brownish in color were
obtained (Figure 5a). SEM was used to examine the momphalod agglomeration behavior of
HNT-CA nanohybrids inside the polymer matrix (Figure 5b). Damage occurred in the matrix due
to the inhomogeneous distribution and agglomerations of-@NThanohybrids in PP/HNTA

films containing 1 wt. % HNICA and therefee defects were observed in the film. On the other
hand, it was observed that the distribution of HEIA nanohybrids was homogeneous in PP/HNT

CA films containing 0.25 wt. % HNTA, and almost no agglomerations were seen.
Agglomeration of HNTs in the polyemn matrix at higher HNT concentrations was demonstrated
beforé€®. In addition, there have been some studies to understand the agglomeration behavior that
creates damage on the matrix and its effect on mechanical properties. In general, HNTs have been
used as a reinforcing agent because of its unique tubular strtféame have been demonstrated

to have a positive impact on the mechanical properties of the materials when used at optimized
ratios. Similarly, in this study, the incorporation of the @#pregnated HNTs into PP films was
demonstrated to slightly improve the mechani c:
strength and elongation at break values have increased as th&AN®ncentration in the
PP/HNT-CA films increased and meatiaally robust nanocomposite films, which can be used as

food packaging materials, were obtained.
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Figureb. Photograph of the PP/HNTA_1% nanocomposite film (a), cressection SEM images
of neat PP, PP/HNTA_0.25 %, and PP/HNTA 1 % nanocomposite films (b), mechanical

properties of the nanocomposite films (c).

The effect of the nanocomposite films on theltlife of bananas was evaluated. The green life of
bananas is defined as the time it takes the harvested green bananas begid®ftTtigeshelf life

of bananas, on the other hand, defines the time from the initiation of the ripening of in ripening
rooms with ethylene treatméHt until the bananas are completely ripe and lose their
marketability. Since the study focused on increasing the shelf life of bananas, bananas packaged
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with the films to be tested were monitored right after they wereetteaith ethylene. Bananas
packaged in perforated bags prepared from the nanocomposite films were stored at room
temperature for 7 d, and on the 7th day, weight loss, firmness, and color values of bananas were
determined in comparison to the initial qualiigrameters of bananas.

Not packaged Packaged with PP Packaged with PP/HNT-CA_0.25% Packaged with PP/HNT-CA_1%
S

-

Day 0

Day 7

Figure 6. Photographs of ngtackaged bananas, bananas packaged with PP, PRZIANT.25%,
and PP/HNTCA 1% at day O and day 7.

Figure 6 represents the appearance of the bananas packaged with the control and nanocomposite
films along with the unpackaged bananas at 7 d. The quality of bananas stored without packaging
and bananas packaged with control neat PP film appeared to deddw a high number of brown

spots and dark regions. On the other hand, bananas that were packaged with the @&R/B%%T

and PP/HNTCA_0.25% nanocomposite films demonstrated a significantly fresher appearance at

7 d. Especially, bananas packaged with INFTHCA 0.25% nanocomposite films presented a
greener tinted color relative to control bananas and were free of brown spots. PEAIRP5%
nanocomposite films showed a better performance for increasing the quality of bananas than the
PP/HNT-CA_1% nanocompsite films, as well. Potentially, at higher nanohybrid content in the
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nanocomposite film, agglomeration occurred, and this has caused a lower release rate of CA from
the matrix. Moreover, higher nanoparticle content might have damaged the matrix arfddte de

in the films might have decreased the barrier function of the packaging.

The positive effect of the PP/HNTA 1% and PP/HNICA _0.25% nanocomposite films on
banana quality have also been proven by the weight loss and flesh firmness of bananas)(Figure
While bananas stored without packaging and bananas packaged with the neat PP film presented a
weight loss of 40 % and 14 %, respectively, at 7 d, the bananas lost less than 8 % in weight, when
they were stored in the PP/HNJA bags (Figure 7a). Appartdy, the respiration rate of the
bananas decreased in the presence of the CA released from the PP/HNT_CA films, further
confirming that the ripening was slowed down. The firmness test results performed on day 7 are
shown in figure 7b. It was concluded tiiae bananas stored in PP/HICRA_0.25% and PP/HNT

CA_1% bags were significantly firmer than bananas stored in neat PP bags. When the ANOVA
test was performed, it was stated that there was no difference between the firmness values of the
bananas in the PRNT-CA_0.25% and PP/HNCA_1% packages. In conclusion, it can be stated

that the nanocomposite films containing HERA nanohybrid affected the ripening process of
bananas, where the CA released from the films has inhibited the ethylene release frommntag, ban
allowing them to remain firmer.
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Figure7. Weight loss (%) of bananas at 7 days (a), firmness of bananas at 7 days (b).

Change of peel color of bananas from green to yellow as a result of chlorophyll degradation is an

important indicator of ripeningBananas stored in the HNJA nanohybridcontaining

35



nanocomposite films were investigated in terms of their color valuesataage their ripening

process in relation to control bananas. The color measurements of the bananas which were taken
out of the bags on the 7th day were made using a colorimeter (Figure 8). According to the literature,
the L*, b* and h° values decrease bmnanas during the ripening pefi8d'? Bananas that were

stored inside the PP/HNTA_1% and PP/HNICA_0.25% bags, demonstrated significantly
higher L*, b* and h° values compared to the unpackaged bananas and bananas packaged with the
neat PP films, indicating a slower ripening. The CA relédsem the nanocomposite films has
inhibited the ethylene release from bananas, thus slowed down the ripening, which has increased

the shelf life of bananas.
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Figure 8. Effect of the nanocomposite films on the L* (a), b* (b) Ah(t) values of bananas
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2.4 Conclusions

The potential of the CA essential oil as an ethylene production inhibiting agent and its
incorporation into food packaging films to increase the shelf life of bananas has been studied. By
using HNTs as nancontaners, a CA essential oil sustained release system was designed, and
were embedded in the PP matrix at different ratios to investigate the effectiveness of the resulting
films on increasing the selife of bananas. PPINT-CA nanocomposite films were denstrated

to decrease the rate of the ripening of bananas, as demonstrated by the firmness, weight loss and
color changes. While bananas, which were packaged with PP films and those that were stored
without packaging, presented more dark regions and brow#s,sugher weight loss and more
softening at 7 days, bananas packaged with the nanocomposite films presented quality parameters
indicating higher freshness. The nanocomposite films incorporated withGMNmanohybrids

have strong potential as ripeningfarding food packaging films, which can help prevent the

economic losses due to spoilage of bananas.
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CHAPTER 3. A Novel Flexible Waterborne Polyurethane Nanocomposite Foam
incorporated with Halloysite Nanotubes ad-resh-keeping Pads for Fruits and Vegetables
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3.1 Introduction

The deterioration of fresh fruits before reaching the consumer is one of the most important issues
which needs an effective solution in the food supply chain. The most important reasons for the
spoilage of fruits are high levels of ethylene gas and exceisture. Ethylene gas, a natural plant
hormone, is released by climacteric fruits during the growing and ripening stages. But these
climacteric foods may encounter high ethylene exposure during thégmsisting stages such as
storage and transportatiowhich might lead to ovetipening and deterioration. To increase the
sheltlife of fruits by decreasing the ethylene concentration, substances that can inhibit or delay
ethylene biosynthesis and release have been regéfttéd with recentadvances, food packaging
materials containing active agents that can prevent food spoilage by decreasing the ethylene
concentration in the packaging headspace have been reported. Etihydenaing particles such

as zeolite and clay nanopartide¥218% and ethylene oxidizing agents such as potassium
permanganate, palladium, and titanium dioXftfe®” have been successfully integrated into food
packaging filmsWhile these solutions have been shown to be effective in increasing the shelf life
of fruits, the amount of the ethylene absorbing or ethylene oxidizing agents incorporated into these
films is limited, due to stringent film properties such as transparency and mechanical strength, that
need to be retained, and thus the direct incorporatiolargé amounts of active agents into
packaging films is not usually practical. While ethylene oxidizing agents have been extensively
studied and used as packaging inserts, ethylene absorbing food packaging materials with high
surface area and absorptiorpaaity, that can be used as packaging inserts in any type of food

packaging have not been previously reported.

While moisture is needed in a packaging environment to prevent water loss and related senescence
in fresh produce, excess levels of moisturdvegackaging headspace, that exists naturally due to

the respiration and transpiration of the fresh produce is also an important problem for the
deterioration in the supply chaid?14 High humidity conditions during storage and transportation
stagesead to increase in bacterial growth, accelerating the aging of fruits with a loss of the quality.
Moisture regulation is crucial for the food packaging systems not only to inhibit microbial growth,

but also for the improvement of the shiéié of productg'®. Moisture absorbers can be used as a
regulator of the relative humidity in the packaging headspace to optimize the storage conditions
required to preserve the freshness of the fresh produce. A wide range of moisture absorbers has
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been studied in diérent types such as sachéts!’ filims?18219 and tray$®229222, Foamtype
materials made of synthetic or natural polymers, or their composites have been utilized in the form
of meat exudate absorbers that can prevent meat sgéfjlahermal insulators that can control
temperature variatioh¥, or antimicrobial agent releasing materials to control microbial growth

on food sampleéd®. While foamtype materials have strong potential as kgeight moisture
scavenging materials due to their porous structures, they have not been investigated as moisture
absorbing active food packaging materials that can be inserted into already usagingac

systems.

Halloysite Nanotubes (HNT) are natural, Aioxic claybased nanoparticles that have a hollow
tubular nanostructure, which have been highly utilized in nanotechnology applications as
reinforcing agents for polymeric materidfs''4 nanocarrierg®®%® or controlled release
system&?®. HNTs have also been demonstrated to present high ethylene absorption properties and
incorporated into food packaging films to increase the shelf life of ethglemstive food
product§®101.207.2271n this study, HNTs were incorporated into a thd@aensional carrier matrix

in the form of a foam that allows gas passage, which can easily, practically and safely included as
ethylene absorbent inserts in all kinds of food packages. As the cartiex foa HNTs, a
waterborne polyurethane (WPU) product with ionic and hydrophilic character was synthesized,
which was expected to present moisture absorption properties, in addition to serving as a porous
scaffold for the HNTs obtained by a foaming pracésm the aqueous dispersion. While there

are a limited number of studies reporting WPU foams in the litef&83ré utilization of WPU

foams as food packaging materials has not been demonstrated previously. The incorporation of
HNTs into WPU foamswas studied for their utilization as easymake, safe, industrially
applicable fresh keeping packaging materials that improve the shelf life of fresh fruits when

inserted into packaging environments during transportation and storage.
3.2 Experimental
3.2.1. Chemicals

Polyester polyol of ethylene glycol/adipic acid/butane diol (Mn = 2000 g/mol, Desmophen 1652)
and hexamethylene diisocyanate (HDI) were acquired from Covestro AG. Ethylene diamine
(EDA), and acetone (99.5%) were purchased from Sigldach. Sodium 2[(2-

aminoethyl)amino]ethanesulphonate (Vestamin A95, AEAS) was provided by Evonik. Borchi Gel
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A LA as a thickener for waterborne dispersions was provided by Borchers. Betain 45 and
ammonium stearate (AS) were provided by Denge Kimya Int. Tradet@dHNTs were provided
by ESAN, Eczacébake.

3.2.2 Synthesis of WPU Dispersion

The acetone method was used to prepare the waterborne polyurethane (WPU) digpdrseon
diisocyanate monomer (HDI, 14.7 g) and polyol (Desmophen 1652, 95.59) wegedliraio a
four-necked, AL glass rounebottomedflask equipped with a heating mantle, overhead stirrer,
condenser, and a thermocouple, and allowed to polymerize & 8@til the theoretical NCO
value was reached to obtain an isocyanate terminated ymegol Isocyanate content of the
reaction mixture was determined by the standatbutlyl amine backitration method (ASTM
D257297). The reaction mixture was then cooled to 50 °C and the prepolymer was dissolved in
200 g acetone to reach 40%solids content. The chain extension step was carried out by adding
0.8 g EDA and 7.3 g AEAS (50% in water) mixture dropwise into the prepolymer solution at 50°C.
The resulting polyurethane polymer was then dispersed in water by the slow addition of 150 g
distilled water into the flask while cooling the mixture to 40°C. Finally, acetone was completely
removed from the reaction mixture by vacuum distillation at 45°C, 50 mbar. The waterborne
polyurethane dispersion produeith a solid content of approximdye35 wt% and pH value of

7.07 7.2 wascollected by filtering through a Sicron filtration media.
3.2.3. Preparation of HNT-WPU foams

25 g of the WPU dispersion with 35 wt % solid content was mixed with 4.25 g of 20 % v/v aqueous
AS solution, 0.25 g Bain 45 and 0.5 g Borchi Gel A LA and agitated for 10 min until a foamy
liquid mixture was obtained using a kitchen blender (700 W). 5 g HNTs, which were previously
dried at 100 °C for 24 h in a vacuum oven, was mixed into the foamed mixture using adverhe
mechanical stirrer for 5 min. The final foamy liquid mixture was cast into 7 x 15 x 3 cm Teflon
molds and dried overnight at 70 °C to obtain WRNT foams. The control WPU foam was

prepared using the same procedure without the addition of HNTSs.
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3.2.4. Characterization of nanocomposite foams

The Scanning Electron Microscope (SEM) images of nanocomposite foams were obtained using
Zeiss LEO Supra 35VP SEM. Foam samples cut into cross sections were placed onto SEM stubs
via doublesided carbon adhesivape and coated with ARd. The images were obtained with the
secondary electron detector at 3kV. The average pore sizes of samples were calculated using
ImageJ software. The size distribution of the pores was determined from 200 data points for each

sample

The HNT content inside the nanocomposite foam was analyzed using the Shimadzu Cerp. DTG
60H (TGADTA). Samples were heated from 25 °C to 1000 °C with a rate of 10 °C/min under an
inert nitrogen atmosphere. The HNT content was calculated by the remaaigig of the HNF

WPU foams at 1000°C.

The compression strength of the foams was determined using TA.XTplusC Texture Analyzer
(Stable Micro Systems). Firstly, the force calibration of the analyzer was completed with a 2 kg
load cell and the height calibiat was automatically confirmed. The cylinder probe (P/36) was

used in the compression mode to investigate compression strength of foams with 2 ntesfts pre
speed, 0.5 mm/s test speed, 5 mm/s-festtspeed, and 5 g trigger force with 20 %, 45 %, and 60

% compressions. The distance between the baseline and probe was adjusted to 30 mm before and
after the tests. The max value at the compression peak on the stress vs. strain (%) graph was

reported as the compression strength of the sarfiffles

Densities of the foams were calculated using Quantachrome Ultrapyc 1200e Automatic Gas
Pycnometer (Quantachrome Corporation). All measurements were run ten times at room

temperature under an inert helium atmosphere.

The moisture uptake (%) of the foams was exathatel00 % humidity conditions. Before running

the analysis, the samples were dried at 70 °C for one day. The samples were placed in-a 20 L air
tight chamber at 100 % relative humidity and stored for 14 days. The moisture uptake was
determined by calculetg the difference between the pi@nd posexperiment weights of the
samples (Eg3). For each foam sample, three separate measurements were taken, and mean and

standard error values were reported using3Eq.
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0 ﬂqu T (Eqg.3)

where M is the % moisture uptake; Wthe final weight of the foam after 14 days, anddthe

initial weight of the foam.

The ethylene scavenging capacity of nanocomposite foams was determined by monitoring the the
ethylene concentration in an airtight container, in the presence and absence of thiNWR33%
foams.The foams to be tested were dried inside an oven &€ fernight to remove absorbed

gases before eatbst. One 7 x 15 x 3 cm foam was plaged 1 L oneneck round bottom flask

fitted with a septum, that was connected (8630 Three Gas Analyzer (Felix Instruments, USA)

with the detection capability in thamge of 8200ppm. 90 ppm ethylene was injected into the
container and ethylene gas measurements were carried out at 15 min, 1 h, 2 h, 3 h and 72 h.
Measurements were performed 3 times for each data point and an average ethylene concentration
was reportedAs a control, the ethylene concentrations in the glass container that did not contain

any foams were monitored under the same conditions.

The ethylene concentrations were also monitored in continuous mode for 6 h after 50 ppm ethylene
gas was injected inta 2 L airtight plastic container equipped with a fanthe continuous mode
of the ethylene analyzer, gas composition in the container was continuously circulated through the

gas analyzer. The ethylene absorption efficiency of the foam sample wasiteteusing Eg4;

O a OEE £1 R Qét ap 1 T (EQ.4)

3.2.5. The effect of nanocomposite foams on the shéifie of bananas

Grand Nainebananas were harvested from the greenhouses in Antalya, Turkey and transferred to
the laboratory within 24 h. Bananas were exposed to 100 ppm ethylene gas for 24 h inside an
airtight container to mimic the commercial ethylemeatment. To investigate the effect of
nanocomposite foams on bananas, five bananas of the same size, color, and weight, which were in
the same bundle, were placed into 35 x 35 cm polyethylene bags. WPU andiHMN/P\33%

foams were placed into the bags aadkaged bananas were stored for 6 days at room temperature
without opening the tied bags. After day 6, each day bags were opened, bananas were

photographed, and placed back into the bags containing the foams. The weight loss of bananas was
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determined by daulating the ratio of the weight of bananas on day 8, to the initial weight of the

bananas on day 0.

A TA.XTplusC Texture Analyzer (Stable Micro Systems) was utilized to analyze the firmness of
bananas. Before the experiment, the force calibration @rapleted with a 2 kg load cell, and the
distance calibration was adjusted according to the position of the baseline and probe. The three
point bend rig (A/3PB) probe was utilized with the compression mode to analyze the firmness of
the bananas. The testrpmeters were specified as ftest speed 2 mm/s, test speed 1 mm/s; post

test speed 2 mm/s, and 5 N (5 g) trigger force: &nd posfprobe distances were arranged at 30

mm. Before analyzing the bananas' firmness, bananas were peeled. Peeled banglasedere

on lengths of support set perpendicular to the plane of movement of the probe, with the probe in
the middle of the banana. Firmness values were reported by taking the average of the firmness data

obtained from 5 different bananas.

3.2.6. The effectof nanocomposite foams on the shelf life of tomatoes

Tomatoes were purchased from a local farmers market and transferred to the laboratory within 48
h of harvest. 6 tomatoes of the same color, weight and size were placed in 20 x 30 cm plastic boxes
contaning a WPU or WPLHNT_33% foam. Tomatoes were stored in sealed boxes for 14 days

at room temperature. After 14 days, the weight loss and firmness measurements of the tomatoes
were completed. The weight loss of tomatoes was calculated by calculatingciet ghange in

the initial weight of the tomatoes. The firmness of the tomatoes was analyzed with A TA. XTplusC
Texture Analyzer (Stable Micro Systems). The force and distance calibration of the analyzer were
completed before the experiment. The needle tfperobe (P/2N) was utilized with ptest 2

mm/s, test speed 2 mm/s and pgrsted 2 mm/s, and 5 N (5 g) trigger force. In order to correctly
analyze the firmness of the tomatoes, tomatoes were peeled at the bottom carefully with a sharp
knife and 8 flsh firmness measurements were taken on each tomato. Mean and standard error
values of 6 different tomatoes in each box was reporteglowing the firmness measurements,

tomatoes were placed back to the packaging with and without the foams and storesdaf som

temperatures, at the end of which they photographed.
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3.3. Results and Discussion

WPU-HNT nanocomposite foams were prepared by the incorporation of HNTs into foamed WPU
dispersions. The WPU dispersion was mixed witlagumeous AS solution as a surfactant, betaine

as a foaming agent and stabilizer, and Borchi GEL A LA as a thickener, and mechanically blended
resulting in a foamy dispersion with thrésd volume increase. HNTs were mixed into the foamed
dispersion at 283, 45, and 50 wt % HNT contents followed by casting in a mold and removal of
water by drying, resulting in ofivhite, flexible and light foams (Figui®. Control WPU foams

that did not contain HNTs appeared to be white in color and lighter than theWMFUoams.

While the incorporation of HNTs into the WPU foam at 25 and 33 wt. % resulted in flexible foams,
nanocomposites containing 45 and 50 wt. % HNTs presented not flexible structures, which

appeared to be like pads as opposed to fo&igsire S).

Figure S1.Appearance of WPHHNT foams at 25, 33, 45, 50 wt. % HNT content.

45






















































