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ABSTRACT

The amount of waste increased annually, mainly from plastic industry. Plastic materials were
more produced during the only last ten years than during the last millennium. A potential
solution of the ecological and economic problems can be biodegradable or edible films and

coatings.

The goal of this thesis was to study edible films and coatings based on starch. Fifteen types of
film-forming solutions were made: 3 types of starch, starch + different amounts of plasticizer,
starch + proteins, starch + oil. For better understanding the interaction between film
components, physical, chemical and functional tests were done. Finally, validation on real
foods (plums) as coatings and films helped to improved edible barrier films for fruits and

vegetables preservation.

Preliminary physico-chemical studies of corn, potato and wheat starch film properties allowed
choosing the wheat starch-based films for further experiments. Then, a 50% amount of
plasticizer related to dry biopolymer weight was selected aiming to obtain films being not too
rigid, that did not break and without blooming. To prove the barrier moisture efficacy,
rapeseed oil was added as multilayers films. Microstructure observations displayed that oil
was dispersed as droplets instead of layer, thus emulsion-based films were obtained instead of
multilayer starch-oil-starch films. Various ratios of starch/protein were assessed to improve
functional properties of films. The more the protein content was, the better the barrier
efficiency against water vapour, oxygen or aroma were. Indeed, higher protein content films
were more dense and homogeneous. From these data obtained on films, and the better
understanding how composition and structure affect film performances, several recipes were
tested as coatings or films for wrapping fresh plums. Thermographic analysis was used to
study the plums behavior during storage, and starch coating was efficient to delay fruit

degradation.

Key words: starch, proteins, oil, biodegradable films, edible coatings, plums
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STRESZCZENIE

Z kazdym rokiem wzrasta liczba produkowanych odpadéw, w szczegdlmosci tych z plastiku.
W ciagu pierwszych dziesigciu lat wyprodukowano wigcej tworzyw sztucznych niz w
przeciagu catego ubiegtego tysigclecia. Rozwigzaniem tych ekologicznych i ekonomicznych

problemow moga okazac¢ si¢ filmy i powloki do zywnosci.

Celem tej pracy byly studia nad jadalnymi filmami i powtokami na bazie skrobi. Pigtnascie
rodzajow roztwordéw powtokotworczych zostato wytworzonych: z 3 typoéw skrobi, skrobia +
rézne stezenia plastyfikatora, skrobia + biatka, skrobia + olej. W celu lepszego zrozumienia
interakcji pomiedzy komponentami filmu witasciwosci fizyczne, chemiczne i funkcjonalne
zostaly zmierzone. W ostatnim etapie walidacja na prawdziwe] zywnosci (powlekanie 1
pakowanie $liwek) pomogla w udowodnieniu istnienia wiasciwosci barierowych owocow i

warzyw podczas przechowywania.

Probne testy fizyko-chemiczne skrobi kukurydzianej, ziemniaczanej 1 pszenicznej pomogly w
wyborze skrobi otrzymywanej z pszenicy do dalszych badan. Nastgpnie wybrano zawarto$¢
plastyfikatora. 50% glicerolu wzgledem suchej masy substancji powlokotwoérczej nie
powodowato twardosci 1 pgkania filmow ani tez tzw. efektu kwitnienia (intensywnie zotty/
pomaranczowy kolor filméw). W celu poprawy wiasciwosci barierowych olej rzepakowy
zostal dodany. Zdjecia mikroskopowe obrazuja zawieszone krople oleju w matrycy jako
emulsja zamiast dodatkowej warstwy, ktorej oczekiwano. Do skrobi zostalty dodane roéwniez
biatka serwatkowe w kilku proporcjach. Im wigcej biatek jest w stosunku procentowym
skrobia/proteiny tym lepsze sa wlasciwosci barierowe dla pary wodnej, tlenu i aromatow.
Dodatkowo filmy zawierajace wigcej protein w stosunku procentowym sg bardziej geste i
jednolite. Uzyskane informacje pozwolily na lepsze zrozumienie wptywu kompozycji i
struktury filmoéw 1 powtok na pakowanie $swiezych $liwek. Analiza z uzyciem kamery
termowizyjnej pozwolita na ocen¢ zmian w owocach podczas przechowywania, za§ powtoka

skrobiowa efektywnie op6zniata procesy degradacyjne w owocach.

Stowa kluczowe: skrobia, biatka, olej, biodegradowalne filmy, jadalne powtoki, sliwki
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RESUME

La quantité de déchets augmente depuis plusieurs décénies, issus principalement de l'industrie
du plastique. La production cumulée de matieres plastiques au cours des dix derniéres années
est supérieure que pendant le dernier millénaire. Une des solutions pour réduire les impacts
écologiques et ¢conomiques est de dévelopement de films et enrobages biodégradables et/ou

comestibles.

L'objectif de cette thése est d'étudier des films et enrobages comestibles a base d'amidon.
Quinze types de solutions filmogénes ont ét¢ formulés: 3 types d’amidons, amidon +
protéines, amidon + huile de colza, amidon + plastifiant. Afin de mieux comprendre le role
des constituants et les interactions mises en jeu, les propriétés physico-chimiques et
structurales des films ont été réalisées. Enfin, les films présentant les meilleurs compromis ont

été appliqués sur des prunes.

L’¢étude physico-chimique des films a base d’amidon de mais, de pommes de terre et de de blé
ont permis de retenir ’amidon de blé pour les études suivantes. Une quantité de plastifiant de
50% (par rapport a la masse seche de biopolymere) a été sélectionnée car elle permet d'obtenir
des films souples et resistants sans blanchiment. Afin d'améliorer l'efficacité barricre a
I'humidité, de l'huile de colza a été ajoutée par laminage sur le film d’amidon. Les
observations de la microstructure montrent une dispersion de gouttelettes d’huile dans la
matrice a la place d’une structure multicouche amidon-huile-amidon. Diverses proportions
amidon/protéine ont été testées pour améliorer les propriétés fonctionnelles des films. Plus la
teneur en protéines est élevée, meilleure est l'efficacité barriere a la vapeur d'eau, a I'oxygene
ou aux aromes. En effet, les films sont plus denses et homogéenes en présence des protéines. A
partir de la meilleure compréhension du role de la composition et de la structure sur les
performances des films, plusieurs formulations ont été testées comme enrobage ou film sur
des prunes fraiches. L’analyse thermographique a été utilisée pour étudier le comportement
des prunes pendant le stockage, 1’enrobage/film composé de I’amidon enrobage s’est avéré

efficace pour retarder la dégradation des fruits.

Mots clés: amidon, protéine, huile, films biodégradables, enrobage comestible, prunes
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INTRODUCTION

Since the dawn of history people have to be able to deal with the storage of food. However,
methods such as freezing or drying were not possible for using in all places in the World.
Carriage was also not so commode. Moreover, frequently some foods spoil quickly, resulting
in numerous deaths occurred. Appearance of the first packaging was a milestone in the food
storage. But the real revolution came in the early of the twentieth century. With the discovery
of polyethylene the entire logistics chain production, transportation and storage of food
gained. Plastic packaging were not only convenient, functional but either not expensive. So
many advantages of them decided about replacing the other packaging material by plastic.
Even so popular wood baskets used for consumers on bazars were replaced by this one made
from plastic and by plastic bags. Annually one person in Europe consumes 450 plastic bags.
500 thousands ton is thus produced in the world. Moreover, every year people generate 250
kg of waste per person. Part of produced packages goes on fulfills, part of them goes to the
water and kills marine animals or it causes their diseases. This has enough negative
consequences: sick animals are eaten by others, and those by the people, either directly by the
people (depending from the order in food chain) and this causes many disorders as increases
of xenoestrogens (disorder of endocrine) or rise of food prices. However, production of
packaging gives 80 million tons of plastic waste per year. Indeed, in the twenty-first century
even lettuce, oranges, broccoli, biscuits or rolls are individually packaged in foils. With such
their habits and consumption trends, serious consequences would occur due to the amount of
wastes increase and because the area of earth still is finite and reducing. Furthermore oil-
based packages need up to 1000 years for degradation/decomposition. According to data
reported by UE in 2040, Earth will have 10 billion of people. It means the sources of
petroleum will be exhausted and the Earth and its citizens will require maximum landfills area
for food production. An excellent solution for these problems can be useing of biodegradable
or edible packages. They can be produce from natural sources as plants and/ or animal
products. One of the most abundantly polysaccharides is starch. It is a spare material of higher
plants, available almost everywhere. Starch does not cause allergies; it is tasteless, odorless, is
easy for printing and can play not only the function of packaging but also can be use as a tag.
Moreover starch in form of edible coating can be modern and futuristic packaging. Proteins
are hydrocolloids used for making bio-packages. They provide valuable nutrition and in

combination with the starch can reduce high water vapour permeability. Either oil addition
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causes the significant reducing of high permeability properties, especially for water vapour,
which is the main drawback of starch. According to Kyoto Protocol in 1997, using
biodegradable materials has also two more impacts: the lower production of carbon dioxide
and/or possibility to sell the higher limitation of this gas to the other countries. Biopolymers
have influence on the environment and directly onto the food. Nowadays the speed of life is
2.5 times higher than several years ago; people thus expect convenient and minimally

processed food. To reach these aims, coatings and films can be envisaged.

The range of application of biodegradable materials in the food industry is very wide. Films
made from starch with glycerol addition should have not worse than plastic mechanical
properties. The high mechanical properties must be maintened. Tensile strength of produced
films should be aroud 3.5 MPa, which is the requirement for plastic materials. Then starch
polymers can be easily used for carriage food stuff, as bags for shopping, treys for meat, fish,
cheese, fruits etc. Below this value, starch-based films can be used as foils or coatings. Thus
measuring and calculations of elongation, Young modulus, and tensile strength are
mandatory. Wetability properties of starch films are the main element of hydrophilicity. They
are directly related to adsorption of water, which in case of food product should be relatively
low. Hence, moisture sorption isotherms, water vapour permeability, solubility in water,
swelling index, kinetic, diffusion and related surface properties as contact angle, critical
surface tension, work of adhesion, work of cohesion etc. should be measured either. Moisture
exchange between product and ambient environment may cause modifications in food stuff
and film properties.The knowledge of the moisture sorption isotherms of bio-based films and
food water activity plays an important role for predicting quality changes and shelf-life. For
that, moisture sorption equations (GAB, BET) were determined. Goniometry displays
wettability of film surface with direct contact with liquids like water. Critical surface tension
informs about hydrophilic or hydrophobic character and also influences film performances.
Beyond moisture properties optical parameters also involved on functional qualities.
Consumers buy with their eyes. Hence, measurements colour parameters play such an
important role. It is not only encourageing the buying, but also its discouragement. Depending
on ageing, sensory characterisics like colour aspects, odour may change. Physical ageing can
cause also delamination, phase separation, migration of glycerol from biopolymer and lead to

packaging with undesirable properties. It can negatively influences on the customers.
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The choice of the adequate and optimized biodegradable packaging or coating can
significantly reduce the amount of plastic products as bags. The next advantage of these

materials is to prolongate the shelf-life of seasonal fruits and vegetables for instance.

Objectives of the work

The objective of the PhD work was to find appropriate material, concentration, amount of
plasticizer of starch-based films and coatings for an application in the food industry (fruits
and vegetables preservation). To reach this final target, the understanding of interactions
between components, the physico-chemical properties of films, the interfacial properties of
both films and coatings related to fruit skin, the structure of films, the mechanisms of mass
transfers must be studied and understand.

Fifteen kinds of films were prepared, all based on starch, in combination or not with protein
or lipids. Physical, chemical and functional properties, including geometrical, sorption,
optical, mechanical, thermal, structural, wettability and surface characterisations were
conducted. After that and from that, few recipes of films were selected to be tested on real
food stuff (plums) as coatings and film wrappings. Physiological, chemical and physical tests
were done on the plums according storage time. Development of new methods to assess the
coating thickness, weight loss in fruits and vegetables, and related mathematical equations

were set up.

This thesis is organized in 3 main sections divided in 6 chapters.

Chapter 1 (section 1) gives an overall and detailed survey of the literature on bio-based
materials, in particular starch as novelty film-forming material. It is composed of 4

publications.

Materials and methods section is the compilation of materials and methods sections from all

the publications constituting the results and discussion section and are presented in chapter 2.

The results and discussion section is composed of 9 publications accepted or submitted: the
firsts dealing with the physico-chemical properties of films, and the last ones concerns the

application on real food products.
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The chapter 3 contains the study of several starches, and at the end the selection of the most
appropriate for combination with other film constituents and for the final application. Then, in
the same chapter the content of glycerol effects were analyzed to find the most suitable
concentration of plasticizer and polarity for good covering of plum surface are included.
Chapter 4 is focused on the mixture of whey protein and starch and their impact on structure,
functional and surface properties of films. Chapter 5 deals with the influence of oil
incorporation on film physical-chemical properties and structure. Chapter 6 is related to
applications of coatings on plums or packaging (wrapping) of plums in films. Surface
properties, physiology parameters, shelf-life prolongation of plums were analyzed as well as
the bahaviour of coated of packaged fruits.

Finally, overall conclusions and perspectives are presented before the list of references.
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SECTION ONE: STATE OF ARTS
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1. Chapter 1: STATE OF ARTS

1.1. Starch films and coatings for food (Basiak E., Galus S., Lenart A. (2012).
Filmy i powtoki skrobiowe do zywnos$ci. Przemyst Spozywczy, 66, 28-30.
Starch films and coatings for food. Food Industry, 66, 28-30).

1.1.1. Abstract

Nowadays, when amount of people are increasing and natural resources are decreasing, edible
and/or biodegradable films and coatings from starch became one of the solution in food
packaging. Starch occupies a leading position in production of coatings and films because it
has unique properties as global availability, attractive price, biodegradability. Also it has
attractive sensory properties (tasteless, odorless), very good physical properties like barrier
properties (impermeable for gases, and after added hydrophilic component also can be a
barrier for water), optical (translucent or possibility to dye) and rheological (consistency,
viscosity). Films and coatings of starch are usually made by casting. Starch polymers could be
used without any restriction and interest of them on global market every year has increased. In
this article starch raw materials formation of edible films or coatings and application in the

food industry are characterized.

1.1.1. Abstrakt

W zwigzku z rosnacg liczbg ludnosci 1 zmniejszajacymi si¢ zasobami naturalnymi na §wiecie
jednym z rozwigzan w opakowalnictwie zywnosci s3 jadalne i biodegradowalne filmy oraz
powloki wykonane ze skrobi. Dzigki duzej dostgpnosci, relatywnie niskiej cenie, skrobia
zajmuje jedna z glownych pozycji w wytwarzaniu opakowan biodegradowalnych do
zywnos$ci. Ma ona atrakcyjne wlasciwosci sensoryczne (brak smaku, zapachu), bardzo dobre
wlasciwosci fizyczne, tj. barierowos$¢ (niska przepuszczalno$¢ gazéw, a po dodaniu
sktadnikow hydrofobowych takze i1 wody), optyczne (przezroczysto$s¢ lub mozliwos¢
nadawania pozadanej barwy) i reologiczne. Filmy i powtoki skrobiowe sa najczgsciej
wytwarzane technikg wylewania. Biopolimery skrobiowe mogg by¢ stosowane praktycznie
bez zadnych ograniczen, a zainteresowanie nimi na rynkach $wiatowych z roku na rok jest
coraz wigksze. W artykule scharakteryzowano surowce skrobiowe, tworzenie jadalnych

filmow 1 powtok oraz ich zastosowanie w przemysle spozywczym.
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1.1.2. Wstep

Jedng ze sktadowych ceny produktu jest koszt wytworzenia, magazynowania i recyklingu
opakowania. W celu zmniejszenia kosztéw i obnizenia masy produkowanych odpadéw, coraz
czesciej stosuje si¢ jadalne i biodegradowalne powloki do zywnosci. Sg one wykonane z
réznych rodzajow skrobi, majg wiele zalet, jak dostepno$¢, niska cena (wielokrotnie tansze
niz z polietylenu), dobre wlasciwosci mechaniczne, sorpcyjne, optyczne, a w polaczeniu z
woskami i thuszczami - takze dobre wlasciwosci barierowe. Dobor rodzaju skrobi zalezy od
wihasciwosci surowca badz produktu, na ktéry nanoszona jest powtoka. Zastosowania
jadalnych powtok skrobiowych z kazdym rokiem jest coraz wigksze (Ghanbarzadeh, Almasi

& Entezami,2010; Jiménez i in., 2012).

Rosnacy popyt na zywno$¢ o wysokich cechach jakosciowych, bezpieczng i taka, ktorg
mozna szybko przygotowaé oraz o dlugim terminie przydatnosci do spozycia powoduje
dynamiczny rozwo6j nowych technologii jej wytwarzania (Kokoszka & Lenart, 2007). W
procesie tym nie bez znaczenia jest opakowanie. Jedng z najwazniejszych funkcji, jakie petni,
jest ochrona przed niepozadanym dziataniem $srodowiska zewnetrznego (pary wodnej, tlenu,
Swiatta, promieni UV), aromatdw, barwnikdw, ochrona surowca lub produktu przed migracja
globalng badz migracja tylko niektorych substancji (Mieliwodzka, 2007; Mieliwodzka, 2006).
Oproécz tego wspolczesne opakowanie pelni wiele innych funkcji (m.in. marketingowo-
promocyjng, dystrybucyjno-logistyczng, ekonomiczng, ekologiczng). Coraz czesciej koszt
opakowania jest znaczacy w poroOwnaniu z kosztami zapakowanych produktéw (Ziemnicka-
Niewczas, 2007). Z kazdym rokiem produkuje si¢ coraz wigcej opakowan. Rozwigzaniem
problemu nadmiernej liczby opakowan i odpadow stala si¢ produkcja jadalnych i
biodegradowalnych filméw 1 powlok. Sa to cienkie warstwy materialu formowane na
produkcie (powloki) lub poza nim (filmy). Maja wiele zalet, takich jak funkcja ochronna,
wysokie bezpieczenstwo 1 jako$¢, a przede wszystkim redukcja masy wytwarzanych

opakowan i odpadow opakowaniowych (Chen, Kuo & Lai, 2009).

Jadalne filmy i1 powtoki moga by¢ produkowane z biatek, weglowodanow, ttuszczow 1 z ich
polaczen. Najczesciej stosowanymi biopolimerami weglowodanowymi do wytwarzania
filmoéw 1 powlok jest skrobia, alginiany, celuloza, pektyny i zywice roslinne (Kokoszka &
Lenart, 2007). Szczegélnym zainteresowaniem wsréd producentdéw zywnosci cieszy si¢
skrobia. Jest tatwa w przetwarzaniu i uzyciu, biodegradowalna, dost¢pna 1 tania, ma korzystne

wiasciwosci fizyczne 1 sensoryczne. Te wiasciwosci skrobi, ktore zdaja si¢ by¢ wadami, po
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niewielkiej modyfikacji zamieniajg si¢ w zalety, np. wlasciwosci barierowe. Juz niewielki
dodatek tluszczow do skrobi zapobiega przepuszczalnosci wody - filmy i powtoki skrobiowe
zmieniajg swoja natur¢ z hydrofilowej na hydrofobowa (Chen, Kuo & Lai, 2009; Jiménez,
2012; Yaniin., 2012).

1.1.3. Surowce skrobiowe

Wiasciwosci skrobi zalezag m.in. od stosunku dwoch polimerow: amylozy i amylopektyny, z
ktorych sktada si¢ czasteczka skrobi. Amyloza jest polimerem nierozgatezionym,
zbudowanym jedynie z tancuchow liniowych potaczonych wigzaniami a-1,4-glikozydowymi.
Amylopektyna rdzni si¢ od amylozy tym, ze dominuja w jej rozgalezionej strukturze wigzania
a-1,6-glikozydowe, potaczenia liniowe a-1,4 s3 za$ rzadkie. Stosunek amylozy do
amylopektyny jest zroznicowany w zalezno$ci od gatunku botanicznego (Singh, Belton &

Georget, 2009; Yuryev, Tomasik & Bertoft, 2007).

Skrobia jest gldéwnym materialem zapasowym roslin wyzszych dostepnym niemalze we
wszystkich strefach klimatycznych. Pozyskuje si¢ ja najczesciej z bulw (np. ziemniaka,
manioka jadalnego), korzeni (np. batata), klaczy (np. tara, pochrzyna), todyg (np. sagowcow),
owocow (np. chlebowca, banana, kasztana) i ziaren (np. kukurydzy, pszenicy) (Torres i in.,
2011). Oprocz skrobi wyizolowanej w postaci naturalnej wyroznia si¢ skrobi¢ modyfikowang
1 natywng. Skrobi¢ modyfikowang otrzymuje si¢ najczgsciej w wyniku modyfikacji
chemicznej, enzymatycznej lub fizycznej. Obecnie otrzymuje si¢ rowniez skrobi¢ o
zmodyfikowanych wtasciwosciach - przez zmiang uktadu genetycznego roslin produkujacych
skrobi¢. W wyniku oczyszczenia skrobi naturalnych usuwa si¢ czgs¢ biatek oraz thuszezow i
otrzymuje sie skrobi¢ natywna. Zrodtami skrobi natywnej i modyfikowanej sa - tak jak w
przypadku skrobi naturalnej - surowce ro$linne (Liu, 2005). W przemysle spozywczym
najczesciej stosuje si¢ skrobi¢ kukurydziang, ziemniaczang i pszenng. Rodzaj surowca ma
wplyw na sktad, wielkos¢ i ksztalt ziaren skrobi, co przektada si¢ na zastosowanie

biopolimeru w przemysle (Torres 1 in., 2011).

1.1.4. Tworzenie

Filmy i powtoki skrobiowe utworzone jedynie z biopolimeru oraz wody sg kruche i tamliwe.
W celu poprawienia ich elastycznos$ci i grubosci, do struktury skrobiowej jest dodawany
plastyfikator, tj. alkohol polihydroksylowy (jeden lub wigcej) oraz woda. Niekiedy

wprowadza si¢ dodatek surfaktantéw lub innych biopolimeroéw - tluszczéw 1 biatek. Dodatek
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tych substancji sprawia, ze otrzymane filmy i powtoki maja ciaggla struktur¢ o pozadanych
wlasciwos$ciach mechanicznych, sorpcyjnych, barierowych, optycznych i sensorycznych

(Jiménez iin., 2012; Yan i in., 2012).

Istnieje kilka sposobdw, za pomoca ktorych mozna utworzy¢ filmy i powtoki skrobiowe. Do
najpopularniejszych metod nalezy wylewanie roztworu powlokotworczego (Kokoszka &
Lenart, 2007). W tym procesie, w wyniku fizykochemicznego oddziatywania
migdzyczasteczkowego tworzy si¢ 1 stabilizuje ciggla struktura powtoki. Makroczasteczki w
roztworze powlokotwdrczym zostajg rozpuszczone w rozpuszczalniku, takim jak woda, etanol
czy kwas octowy oraz polaczone z ewentualnymi dodatkami. Nastepnie roztwor
powlokotworczy jest wylewany w postaci cienkiej warstwy, suszony i zdejmowany z

powierzchni (Cagri, Ustunol & Ryser, 2004).

Miiller 1 wsp. (2009) wytwarzali filmy z trzyprocentowego wodnego roztworu skrobi z
manioka jadalnego z dodatkiem glicerolu jako plastyfikatora (0,30 g/g skrobi), widkien
celulozy (od 0 do 0,5 g celulozy) i gumy guar (0,01 g/g skrobi). Roztwory wylewano na
ptaskie powierzchnie i1 suszono w temp. 40°C przez 16 h w komorze z cyrkulacja powietrza.
Zawartos¢ wody w filmach wynosita 0,098-0,120 g wody/g suchej substancji. Powloki byty
kondycjonowane w temp. 25°C, w higrostatach o wilgotnosci 58 1 75%. Muscat i wsp. (2012)
przygotowywali powloki przez mieszanie roztworu skrobi kukurydzianej: 20 ml skrobi o
niskiej zawartosci amylozy i 10 ml roztworu o wysokiej zawarto$ci. Roztwory wylewano na
plastikowe plytki o $srednicy 90 mm. Filmy suszono przez 12 h w temp. 25 £1°C w komorze
suszarniczej z cyrkulacja powietrza. Tak wytworzone powtoki przed analiza byly

przechowywane przez 48 h w temp. 25 £1°C 1 wilgotnosci wzglednej 52,9%.

Innymi metodami, za pomocg ktéorych mozna uzyska¢ powloki skrobiowe, sa: ekstruzja,

powlekanie, wtryskiwanie, wydmuchiwanie i termiczne formowanie (Fu i in., 2011).

1.1.5. Zastosowanie

W zwiazku z rosngcym zainteresowaniem zywnoscia jak najmniej przetworzong, o wysokiej
jakosci 1 $§wieza, jadalne i1 biodegradowalne filmy oraz powtoki znalazty zastosowanie w
réznych galgziach przemystu spozywczego, m.in. w cukiernictwie, piekarnictwie, w
przemysle migsnym i owocowo-warzywnym. Dzigki badaniom naukowym okazuje si¢, ze

rézne kombinacje filméw 1 powlok, sposoby wytwarzania i nanoszenia, dodatki aromatow,
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barwnikéw, antyoksydantow, thuszczow itp. moga znacznie rozszerzy¢ mozliwosci ich uzycia

1 zastosowania w przemysle spozywczym (Liu, 2005).

Filmy z wysokoamylozowych skrobi grubosci 0,0015-0,05 mm byly stosowane do
pokrywania produktéw piekarniczych w celu przedtuzenia ich §wiezosci, do oddzielnego
pakowania skladnikow dan garmazeryjnych przed ich uwodnieniem, a takze do

przechowywania mrozonego drobiu, ryb i migsa (Tederko, 1995).

Ribeiro 1 wsp. (2007) wykorzystywali powloki skrobiowe o zawartosci ok. 30% amylozy,
sorbitolu, glicerolu, x-karaginianu i surfaktanta Tween 80 do pokrywania truskawek. W
wyniku dodania chlorku wapnia i chitozanu po szesSciu dniach przechowywania barwa
truskawek nie zmienita si¢. Utrata jedrnosci 1 masy owocoéw byta minimalna. Takze dodatek
jednoprocentowego di-uwodnionego chlorku wapnia do powlok spowodowat zmniejszenie
szybko$ci wzrostu mikroorganizméw na owocach. Minimalny wskaznik wzrostu

mikroorganizmoéow uzyskano dla truskawek powleczonych chitozanem i chlorkiem wapnia.

Hydrolizaty skrobi (dekstryny) maja gorsze wilasciwosci barierowe dla pary wodnej niz
skrobia, ale sg lepsza barierg dla tlenu. Stosowano je do pokrywania takich produktow, jak
orzechy i migdaly, aby zachowaé¢ dobre cechy organoleptyczne i odpowiednig teksturg

podczas przechowywania (Tederko, 1995).

Ogonek 1 Lenart (2002) okreslili wplyw powlok z niskometylowanej pektyny i skrobi
ziemniaczanej na proces odwadniania osmotycznego. Stwierdzili oni zalezno$¢ ubytkéw
wody 1 przyrostu masy suchej substancji od rodzaju powtoki. Ogolnie wartosci tych
wskaznikow byly nizsze w truskawkach powleczonych niz w tych bez powtoki. Najlepsze

wlasciwos$ci barierowe wykazywata powloka ze skrobi.

1.1.6. Summary (short translation of the polish publication)

One of the components of the product price is the cost of producing, storing and recycling. In
order to reduce of costs and weight of trash, edible and biodegradable coatings are used. Made
from different types of starch, biomaterials have many advantages such as availability, low
price (many times cheaper than polyethylene), good mechanical properties, sorption, optical,
and combined with waxes and fats — and also good barrier properties. The choice of starch

depends on the raw material or product on which the coating is applied. Every year the
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demand on edible materials is increasing, because demand on food with high quality,
minimally processed and safe increasing either. Rapid development of new technologies for
its production causes growing up value of the packages. Nowadays, packaging should
discharge a lot of expectations, so finally belching on the price out. It happens increasingly
often the cost of the package is higher than that packed in product. Production of thin material
layers onto a product (coating), and beyond it, seems to be an excellent solution of economy

and environmental problems.

Edible films and coatings can be produced from proteins, carbohydrates, fats, and their
combinations. The most commonly used carbohydrate biopolymers for the production of
films and coatings are starch, alginates, cellulose, pectin and resins (Kokoszka & Lenart,
2007). Due to many advantages, starch is appreciated by food producers. Properties of this
polysaccharide depend on amylose/amylopectine ratio, and thus the species of botanical
plants from which it is sourced (Singh, Belton & Georget, 2009; Yuryev, Tomasik & Bertoft,
2007). Starch is the main spare material of higher plants, available in almost all climates.
Starch can be used as modified or native forms. A modified starch is obtained usually by
chemical, enzymatic or physical modification. Purification of the natural starch caused
removing some proteins and fats to obtain a native starch (Liu, 2005). In the food industry the
most commonly used are corn, potato and wheat starches. Type of raw materials has an
influence on the composition, size and shape of the starch granules, which translates into the

use of biopolymer in the industry (Torres et al., 2011).

Films and coatings made only from starch and water are brittle. In order to improve the
flexibility and thickness, plasticizer is added to film-forming solution. Sometimes surfactants
or other biopolymers - fats and proteins are incorporated too. The addition of these substances
allows to form a continuous structure with desirable mechanical, sorption, barrier, optical and
sensory properties (Jiménez, et al., 2012; Yan et al., 2012). Films and coatings are produced
by several ways. The most popular is a casting method (Cagri, Ustunol & Ryser, 2004). The
other methods belong to extrusion, coating, injection molding, blow molding and heat

molding (Fu et al., 2011).
Due to the growing interest of minimally processed, high quality and fresh food, edible and

biodegradable films and coatings can be applied in various sectors of the food industry,

including: confectionery, bakery, meat industry, fruits and vegetables (Liu, 2005).
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1.2. Starch like component of edible coatings (Basiak E., Lenart A. (2012).
Skrobia jako sktadnik powtok jadalnych, Post¢py Techniki Przetworstwa
Spozywczego, 22, 2, 84-88. Starch like component of edible coatings.
Development of Technic and Food Industry, 22, 2, 84-88).

1.2.1. Abstract

Polyethylene and its copolymers were discovered at the end of nineteenth century. Several
decades later, when they were used for food packaging, they became world widely known.
The edible films and food coatings made from starch, show potential to become as popular as
copolymers. This is due to many advantages they possess. The coatings formed from starch
are tasteless, odorless and they do not cause allergy. Moreover they are cheap to manufacture,
comprehensively available and biodegradable. This all means that they can be used for
extended spectrum of food coatings. Starch coatings and films can be used for example as raw
materials. It results in chemical, physical or genetic modifications of starch and easiness to
their retrieve. There are lots of possibilities that are helpful in obtaining edible and/or
biodegradable packaging from starch. One of most popular techniques of acquiring is casting.
Application on an output consists of spraying, immersing or coating one or several layers.
Waxes, flavours, colours, which include starch, are usually more attractive for customers as

well as more environmentally friendly.

1.2.1. Abstrakt

Odkryty pod koniec XIX wieku polietylen i jego kopolimery kilkadziesiat lat pdzniej, jako
opakowania do zywnoS$ci, odniosty globalny sukces. Podobnie zapowiada si¢ z jadalnymi
filmami i powlokami do Zywnosci ze skrobi. Wynika to z wielu zalet, ktére posiadaja.
Powloki utworzone ze skrobi sg bez smaku i bez zapachu, niecalergenne, tanie, szeroko
dostgpne 1 biodegradowalne, a to wszystko przektada si¢ na szerokie spektrum w ich
wykorzystaniu do powlekania zywnos$ci. Powtoki i1 filmy skrobiowe stosuje si¢ m.in. do
produktow nieprzetworzonych. Wynika to z mozliwosci chemicznej, fizycznej badz
genetycznej modyfikacji skrobi i tatwosci w jej otrzymaniu. Istnieje wiele metod, za pomoca
ktorych mozna uzyska¢ jadalne 1i/lub biodegradowalne opakowania ze skrobi. Do
najpopularniejszych nalezy technika wylewania. Aplikacja na produkt odbywa si¢ poprzez
zanurzenie, spryskanie lub nanoszenie w postaci jednej lub kilku warstw. Dodatek do
struktury filmow i1 powlok substancji takich jak: woski, aromaty i barwniki powoduje, ze

produkty spozywcze sg atrakcyjne dla konsumenta 1 dla srodowiska naturalnego.
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1.2.2. Wstep

Jak szacuje Unia Europejska liczba ludno$ci na Swiecie do roku 2040 wzroénie do 10
miliardow, to jest w poréwnaniu z rokiem 1990 dwukrotnie. W zwigzku z tym
zapotrzebowanie na energi¢ i surowce organiczne takze wzro$nie (nawet trzykrotnie). W
takiej sytuacji popyt na materialy roslinne bedzie wigkszy niz podaz, gdyz liczba terenow
rolnych jest ograniczona, a dodatkowo ich ilo$¢ z kazdym rokiem maleje. Podobna sytuacja
ma miejsce w przypadku wyczerpywalnych surowcéw kopalnianych. Podczas ich
pozyskiwania dochodzi do negatywnych skutkow ekologicznych, co odbija si¢ na cenie ropy
naftowej, gazu i wegla. Aby zapobiec tym narastajagcym problemom gospodarczym coraz
czesciej stosuje si¢ szeroko dostepne, relatywnie niedrogie, biodegradowalne i odnawialne
surowce polisacharydowe takie, jak skrobia. Dzigki swoim unikalnym wilasciwosciom jest
ona najczesciej wykorzystywanym polisacharydem na kuli ziemskiej oraz pretendentem na

materiat przysztosciowy XXI wieku (Tomasik, 2000).

1.2.3. Charakterystyka skrobi
Skrobia jest najbardziej dostgpnym surowcem roslinnym (tabela 1.1) i pelni w roslinach
funkcj¢ materiatu zapasowego. Jest najczesciej uzywanym hydrokoloidem, poniewaz ma
niskg cene, wiele korzystnych wilasciwosci funkcjonalnych, moze by¢é w formie zwyktej,
modyfikowanej lub natywne;.

W tabeli 1.1 przedstawiono przyktadowe surowce skrobiowe i ich wystepowanie na $wiecie.

Tabela 1.1 Wystepowanie skrobi r6znego pochodzenia (Tomasik, 2000). Table 1.1 Presence

of starch from various origins

Surowiec skrobiowy Wystepowanie
jeczmien, kukurydza, pszenica, ziemniaki Ameryka Pétnocna
banany, kukurydza Ameryka Potudniowa
banany, sago, tapiok Afryka
jeczmien, owies, pszenica, ziemniaki, zyto Europa
ryz, kukurydza Azja
kukurydza, palma Australia

Zboza, nasiona warzyw, bulwy i owoce zawieraja w suchej masie od 30 do 85% skrobi

(Baldwin, Hagenmaier & Bai, 2012; Embuscado & Huber, 2009). Np. ziarno ryzu w swym
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sktadzie zawiera 1-3% tluszczu, 8% bialek 1 80% skrobi (Lin i in., 2011). Skrobia to
polaczenie dwodch frakeji polisacharydowych: amylozy i amylopektyny (rys. 1). Obie frakcje
zawieraja czasteczki glukozy, ale innego rozmiaru i ksztattu. Amyloza jest frakcja mniejsza i
jest definiowana jako linearna molekuta jednostek (1—4)-a-D-glukopiranozy, ktorej stopien
polimeryzacji jest ponizej 500. Zawiera w swym sktadzie niewiele rozgatezionych tancuchéw
(1—6)-a. Amylopektyna jest za$ cigzsza, rozgaleziona makromolekula z wigzaniami (1—6)-a
i (1>4)-0-D-glukozy. Zawartos¢ amylozy w skrobiach jest rzedu 18-30%, z wyjatkiem
skrobi z kukurydzy woskowej, ktora sktada si¢ w pelni z amylopektyny (Baldwin,
Hagenmaier & Bai, 2012; Hoover, Hughes & Liu, 2010). Filmy i powloki moga byc¢
utworzone z kazdego rodzaju skrobi zawierajacej amylozg, gdyz linearna budowa ma wigkszy
wplyw na tworzenie potagczen miedzy molekutami niz rozgaleziona struktura (Embuscado &

Huber, 2009).

Rysunek 1.1 Struktura skrobi: a) amyloza, b) amylopektyna

Figure 1.1 Structure of starch: a) amylose, b) amylopectin
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W zalezno$ci od rozmiaru, ziarna skrobi moga by¢ pogrupowane w 4 klasy wielkosci:

wielkie — ponad 25 um np. skrobia ziemniaczana (41,5 um) i pszenna (20,2 um),

e Srednie —od 10 do 25 um np. skrobia z tapioki (15,6 um), kukurydzy (13,8 pm),

mate — od 5 do 10 um np. skrobia z owsa, gryki, prosa ryzowego,

bardzo mate — do 5 pm np. skrobia z amarantusa (3,0 um), komosy ryzowe;.

Oprocz tej klasyfikacji morfologicznej ziarna skrobi mozna uszeregowaé pod wzgledem
formy. Moga mie¢ ksztatt owalny (eliptyczny), prostokatny, sferalny, eliptyczny, poligonalny,
nieregularny, badz ksztalt soczewki (Hoover, Hughes & Liu, 2010; Molenda i in., 2006).

Jak wykazal Molenda i wsp. (2006) cechy morfologiczne decyduja o wiasciwosciach
mechanicznych polisacharydéw. Zbadano pi¢¢ rodzajow skrobi: ziemniaczang, pszenna,
kukurydziang, tapiokowag i amarantusowg. Wszystkie skrobie roznily si¢ wielkoscig i
ksztatltem czastek. Wykazano, ze wraz ze wzrostem wymiardow ziaren zwigksza si¢ $cisliwosé¢
i sypko$¢ materialdéw. Skrobie o najwickszych czastkach (ziemniaczana 1 pszenna)
wykazywaty oscylacje przebiegow naprezenia od odksztalcenia. Skrobia tapiokowa i1
kukurydziana posiadaty ziarna o podobnej wielkos$ci, stad ich $cisliwos¢ 1 krzywe napregzenia

byly do siebie bardzo zblizone.

Najwazniejszym zrodtem skrobi na swiecie jest kukurydza i jej udzial stanowi 83% w
catkowitej produkcji. Najwigkszym eksporterem, wytwarzajagcym ponad 60% skrobi sa Stany
Zjednoczone. Drugim, co do wielko$ci surowcem, z ktérego pozyskuje si¢ skrobig jest
pszenica. Mimo niewielkiego udzialu w produkcji $wiatowej (ponizej 7%), jest bardzo
cenionym zrodlem skrobi w Europie. Jest to spowodowane sprzyjajagcymi warunkami w
uprawie. Kolejne miejsce zajmuje skrobia ziemniaczana — 6% 1 tapiokowa 4% (Liu, 2005;

Molenda i in., 2006).

Ze wzgledu na szereg zalet, ktore posiada skrobia (szeroko dostgpna, odnawialna, bedgca w
stanie tworzy¢ ciaggla matryce itd.), polimer ten jest jednym z najcze$ciej wykorzystywanych
surowcow do wytwarzania biodegradowalnych opakowan w postaci filmow i powlok. Oprocz
tego charakteryzuje si¢ dobrymi wtasciwosciami geometrycznymi i optycznymi. Powtoki i
filmy ze skrobi sa latwo formowane, o pozadanej grubos$ci, zazwyczaj bezbarwne lub

mlecznobiale (np. ze skrobi ryzowej). Dzieki temu mozna je tatwo barwié¢ lub zadrukowywac.
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Transparentno$¢ blon moze by¢ wykorzystana réwniez do uwydatniania $wiezosci owocow 1
warzyw. Pokrywanie jabtek filmami ze skrobi z dodatkiem woskow sprawia, ze owoce sa
btyszczace 1 przyciggaja uwage konsumentow. Powtoki skrobiowe maja rowniez dobre
wlasciwosci mechaniczne — dzigki dodatkowi plastyfikatora nie sg kruche, nie famig si¢ i nie
pekaja. Do wad tego polisacharydu nalezy silny charakter hydrofilowy i stabe wiasciwosci
sorpcyjne (przede wszystkim duza przepuszczalno$¢ dla pary wodnej), tendencja do
retrogradacji 1 slaba rozpuszczalno§¢ w wodzie. Dlatego skrobia jest modyfikowana
(najczesciej] metodami chemicznymi, fizycznymi, enzymatycznymi lub ich kombinacjami)
badZ wytwarzana w postaci natywnej (Ghanbarzdeh, Almasi & Entezami, 2011; Guilbert,

Gontard & Gorris, 1996; Jayakody i in., 2009; Lin i in., 2011; Singh, Kaur & McCarthy,
2007). Takze modyfikacja genetyczna pozwala na uzyskanie produktu (badz produktéw) o
zmienionych wtasciwosciach lub produktu dopasowanego do specyficznych celéw (Berski i
in., 2011). Wséréd wilasciwosci fizykochemicznych najczesciej modyfikowana jest
rozpuszczalno$¢ proszkow skrobiowych w wodzie, temperatura zelowania, pg¢cznienie,
wiasciwosci lepkoplastyczne oraz temperatura zamrazania 1 rozmrazania skrobi (Nwokocha i

in., 2009).

1.2.4. Modyfikacja chemiczna

W celu optymalnego wykorzystania skrobie sg modyfikowane chemicznie. Uwydatnia to ich
cechy lub daje mozliwos¢ na stworzenie produktow skrobiowych, ktéore majg unikalne
wlasciwosci przydatne do roznego zastosowania. Najczeg$ciej wystepujace kierunki
modyfikacji chemicznej skrobi to:

e Stabilizowanie skrobi — proces polegajacy na wprowadzeniu do struktury skrobi
podstawnikéw tj. grupy estrowe (Krysinska, Gatkowska D & Fortuna, 2008; Pal,
Singhal & Kulkarni, 2002). W rezultacie otrzymane skrobie sa znacznie odporniejsze
na retrogradacje 1 synerez¢ podczas chtodzenia, zamrazania i rozmrazania kleikow,
majg obnizong temperatur¢ kleikowania i zwigkszona lepkos$¢ kleikow. Ponadto
charakteryzuja si¢ ich duzg przejrzystoscia.

e Sieciowanie skrobi, czyli wprowadzenie do struktury chemicznej skrobi dodatkowych
wigzan z innych reagentdow. Ma ono na celu usztywnienie struktury polisacharydu.
Wiele typow skrobi modyfikowanych jest produkowanych za pomoca sieciowania
przy uzyciu tlenku fosforu w celu zapobiezenia fragmentacji czasteczek skrobi.

Powstale wigzania chemiczne wzmacniaja czasteczki budujace strukture skrobi
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natywnej, ktére z kolei zapobiegaja przedwczesnemu pgcznieniu i niepozadanemu
zniszczeniu granulek.

Substytuowanie skrobi — istnieje kilka pozytywnych atrybutdéw wspomagajacych
modyfikacje substytutow. Pierwszym jest wprowadzenie grup funkcjonalnych. Dzieki
nim wzrasta podobienstwo skrobi dla wody. Te rezultaty sg widoczne przy mniejszej
temperaturze zelowania skrobi i1 lepszym nawodnieniu. Kolejng zaletg jest fakt, ze
produkt Zelowania skrobi jest znacznie mniej twardy, ale jednocze$nie mocny i
wydaje si¢ bardziej przejrzystym. Hydroksypropylowane skrobie zazwyczaj daja
filmy, ktore sa czystsze i bardziej elastyczne w poréwnaniu do filméw ze skrobi
natywne;.

Utlenianie skrobi — proces prowadzacy do poprawy wlasciwosci adhezyjnych w
powlokach nakladanych na materialty o luznej konsystencji jak np. rzadkie ciasta.
Gleboko mrozone powtoki do zywnosci jak np. powloki do owocdéw morza, migsa, ryb
czy warzyw czesto kontaktujg sie ze skrobig utleniong. Czesto tez frytki sg pokrywane
cienka warstwg w celu poprawy jakosci poprzez utrzymanie chrupkosci po smazeniu.
Idealne plynne roztwory powlokotworcze posiadaja duza site adhezji w stosunku do
powierzchni zywnosci podczas mrozenia i w trakcie zamrazania.

Hydroliza kwasowa to inny typ modyfikacji chemicznej skrobi, ktory znalazt
zastosowanie w produktach skrobiowych. Poprzez hydroliz¢ kwasowa otrzymuje si¢
dekstryny 1 maltodekstryny. Te pierwsze s czesto uzywane w celu stworzenia powlok
w réznych wariantach, zaczynajac od produktow farmaceutycznych poprzez stodycze
1 jadalne ,,spoiwa”. Tradycyjnie w procesie wytwarzania dekstryn stosowane jest
suszenie. Dekstryny moga by¢ rozpuszczane w zimnej wodzie i mie¢ dobre zdolnos$ci
do formowania filméw o wysokiej sile adhezji. Znalazty one zastosowanie w
cukiernictwie. Dekstryny z tapioki 1 kukurydzy sg uzywane jako glazura do czekolady.
Takze maltodekstryny sa produkowane poprzez depolimeryzacje skrobi. W
przeciwienstwie do dekstryn maltodekstryny sa wytwarzane na mokro.
Maltodekstryny sg rozpuszczane w wodzie i maja dobre wtasciwosci do formowania
filméw. Tworza powltoki o dobrych wlasciwosciach barierowych dla tlenu (Baldwin,

Hagenmaier & Bai, 2012; Embuscado & Huber, 2009).
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1.2.5. Otrzymywanie skrobi

Skrobia jest najwazniejszym materiatem zapasowym wystepujacym w réznych organach
ro$lin. Szczegolnie bogate w skrobi¢ sg bulwy ziemniaka, kolby kukurydzy i ziarna zbdz.
Niezaleznie od gatunku rosliny i1 rodzaju skrobi, do izolacji tego polisacharydu stosuje si¢
metody kombinowane, to jest mechaniczne w polaczeniu z chemicznymi (Araujo-Farro i in.,

2010; Lin i in., 2011).

Lin 1 wsp. (2011) otrzymywali skrobi¢ z ryzu siewnego indyjskiego i japonskiego. Ziarna
mielono, oczyszczano i zanurzano w wodzie w temperaturze pokojowej na 12 h, a nastepnie
suszono. Skrobi¢ ekstrahowano takze z maki ryzowej poprzez zanurzenie na pot doby w
roztworze 0,2% zasady sodowej. Obie skrobie potgczono, mieszajac przez 5 minut w
temperaturze pokojowej. Nastepnie mieszaning przemyto kilkakrotnie w wodzie destylowane;]
do osiagniecia pH 6-7 1 suszono w suszarce prozniowej w temperaturze 45°C przez 48 godzin

— do osiagniecia wilgotnosci 13%.

Lin i wsp. (2011) pozyskiwali skrobi¢ z ryzu indyjskiego i japonskiego takze drugim
sposobem. 40 gramdéw skrobi byto moczone w fosforanie sodowym. Roztwor podgrzano do
50°C 1 ogrzewano przez 30 minut caly czas mieszajac. Uzyskang mieszaning o pH 6,0
filtrowano. Wyizolowang czysta skrobi¢ suszono w temperaturze 45°C przez 48 h w suszarce

prézniowej. Uzyskano susz o wilgotnosci 5-10%.

Podobng metodg stosowal Yuan i wsp. (2007). Bulwy D. nipponica Makino (pochrzyn) byty
rozcinane w celu wyodrebnienia pewnych niekorzystnych fragmentéw i myte w wodzie.
Nastepnie cigto je na plasterki o grubosci 3 1 5 mm i suszono do uzyskania statej masy. Mate
plasterki inkubowano w 0,2% roztworze zasady sodowej (pH 10-11) przez 24 h, po czym
filtrowano przez membran¢ 150 pm. Dodawano 95% etanolu. Nastepnie frakcje skrobi byty
przemywane woda destylowang — do czasu uzyskania neutralnego odczynu. Otrzymang

skrobi¢ suszono w 50°C do momentu, w ktorym zostata uzyskana stata masa.

Kong, Bao i Corke (2010) ekstrahowali skrobi¢ z ziaren amarantusa. Nasiona suszono w
suszarce w temperaturze 40°C przez 48 h a nast¢pnie mielono je na make. Probka maki byta
zanurzana w 0,25% wodnym roztworze zasady sodowej i przechowywana przez 24 godziny w
temperaturze 5°C. Kolejno zawiesing mieszano przez 3 min., po czym filtrowano jg przez sita:

60 (250 um), 100 (149 pm), 270 (53 um) 1 400 (37 pm). Zawiesing przemywano podwdjnie
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dejonizowang woda do momentu, kiedy skrobia nie zostalta wyplukana. W ciggu 25 min.
odwirowano 3 kg przesaczu. Usuni¢to biatka. Warstwe skrobi zmieszano ponownie z woda
podwojnie dejonizowang i postepowano jak wczesniej. Procedurg powtorzono trzykrotnie.
Wyekstrahowang skrobi¢ suszono w suszarce o temperaturze 40°C, po czym zostata zmielona

1 przesiana na sitach 70 (212 pm).

1.2.6. Otrzymywanie powtok skrobiowych
Jadalne filmy i powtoki moga by¢ tworzone wedlug nast¢pujacych mechanizméow:

e prosta koacerwacja - rozpuszczajacy si¢ w wodzie hydrokoloid jest wytracany lub po
odparowaniu rozpuszczalnika (suszenie) nast¢puje zamiana fazy, w ktorej si¢
znajduje. Do mieszaniny powlokotworczej jest dodawany nieelektrolityczny roztwor
tj. np. etanol.

e kompleksowa koacerwacja — dwa rozpuszczalne w wodzie hydrokoloidy, o
przeciwnych tadunkach -elektrycznych, mieszaja si¢ powodujac w ten sposob
interakcje 1 wytragcenie si¢ kompleksu polimerowego.

e zelowanie lub termiczna koagulacja — podgrzewanie makromolekuty prowadzi do jej
denaturacji.

Filmy moga by¢ rowniez otrzymywane standardowymi technikami tj. ekstruzja, wylewanie,
termiczne formowanie. Filmy s3 najczgsciej tworzone przez suszenie roztworu
powlokotworczego w suszarkach bebnowych, termoformowanie lub ekstruzja na goraco

(Guilbert, Gontard & Gorris, 1996).

Ghanbarzadeh, Almasi i Entezami (2011) wytwarzali powloki ze skrobi kukurydzianej
(zawartos¢ wilgotnosci 12%). Rozpuszczano 5 gramoéw skrobi w 100 ml wody destylowane;.
Dodawano 2 ml glicerolu 1 0, 5, 10, 15 lub 20% kwasu cytrynowego wzgledem zawartosci
skrobi. Wszystko ze soba mieszano w temperaturze pokojowej przez 5 min. Nastgpnie
mieszaning ogrzewano w tazni wodnej w temperaturze 90°C przez 30 min. z wytrzasaniem o
amplitudzie 500 rpm. Tak otrzymany roztwor powtokotworczy ochtadzano i wylewano po 50
ml na plytki Petriego o $rednicy 75 mm. Otrzymano btony o grubosci 0,08 + 0,01 mm, ktére

nastgpnie suszono w temperaturze 60°C do odparowania rozpuszczalnika.
Torres i wsp. (2011) otrzymywali powloki z 12 rodzajow skrobi natywnej pochodzacej z

ro$lin andyjskich. Byty to: biata marchew, ciecierzyca, banan, maniok jadalny, szczawik

bulwiasty 1 kilka rodzajow ziemniakéw, wséréd nich m.in. stodki ziemniak 1 ziemniak ztoty.
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Powloki skrobiowe byly otrzymywane metoda wylewania. Skrobi¢ mieszano z woda
destylowana (5% skrobi wzgledem wody). Czg$¢ roztworu hydrolizowano rozcienczonym
kwasem solnym — do uzyskania pH 2,0. Dodano glicerol w proporcji 2 : 5 (glicerol : skrobia).
Mieszaning skrobi homogenizowano i mieszano przez 15 min. w temperaturze 95°C.
Nastepnie roztwor neutralizowano rozcienczonym wodorotlenkiem sodu (0,1 N) - do chwili
zatrzymania procesu hydrolizy. Roztwor powlokotworczy skrobi wylano na ptytki Petriego i
umieszczono w suszarce. Suszono w temperaturze 40°C przez 16 h do uzyskania powlok o

grubosci 200 um.

Réwniez Singh, Belton i Georget (2009) wytwarzali powtoki poprzez wylewanie. Zrodtem
skrobi byta fasola. 5% skrobi mieszano z wodg destylowana, dodawano 30% glicerolu i przez
5 min. mieszano przy pomocy mieszadla magnetycznego, a nastepnie podgrzewano w
temperaturze 90°C przez 10 min. ciagle mieszajac z czg¢stotliwoscia 300 rpm. Roztwor
ochtodzono do temperatury 50°C. Odmierzano po 6,2 gramow mieszaniny i wylewano na
plastikowe ptytki Petriego o $rednicy 8,5 cm. Suszono w temperaturze 40°C przez 24 h.

Otrzymane filmy przechowywano w higrostatach z tlenkiem fosforu (V).

Metode wylewania zastosowali takze Wu 1 wsp. (2009). Do skrobi ziemniaczanej (o 17%
zawartos$ci amylozy) dodawali agar i wode destylowang. Zawartos¢ skrobi wynosita: 3,3; 3,2;
3,0; 2,8; 2,7; 2,5; 2,3 1 0%. Zawartos¢ agaru byta odwrotnie proporcjonalna do skrobi: 0; 2,3;
2,5;2,7; 2,8; 3,05 3,2; 3,3%. Do wszystkich probek dodawano 240 g. wody destylowanej i po
2 g. glicerolu. Mieszano i ogrzewano w temperaturze 95 + 5°C przez 30 min. Otrzymano
jednolite, homogeniczne roztwory btonotworcze. Nastepnie zostaty one odgazowane w prozni
w celu usunigcia rozpuszczonego w nich powietrza i wylane na akrylowe ptytki o wymiarach

18 x 27 cm. Roztwory suszono w temperaturze 50°C przez 10 h.

1.2.7. Zastosowanie

Powloki moga by¢ aplikowane na powierzchni¢ produktu dowolng metoda, np. poprzez
zanurzenie (najczesciej do zywnosci, ktéra wymaga kilku warstw powtokotworczych —
laminatow), spryskanie (zazwyczaj w celu rozdzielenia dwoch warstw) 1 polewanie produktu.
Dla produktow migsnych jest uzywana metoda zalewania za pomoca specjalnej maszyny

funkcjonujacej jak wodospad (Embuscado & Huber, 2009).
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Filmy sa wytwarzane poza produktem i dopiero pozniej na niego nanoszone. Moga by¢
aplikowane w postaci laminatow skrobiowych z dodatkiem innych sktadnikow tj. thuszcz.
Wadami podwoéjnych filmow skrobiowych jest sklonno$¢ wraz z upltywem czasu do
delaminacji, tworzenie si¢ dziur, pgknie¢ i1 szczelin, oraz stabe sily kohezji. Filmy w takiej
postaci sa czesto kruche i niepraktyczne w zastosowaniu do wielu sktadnikéw zywnosci (Liu,

2005).

Sukcesywny rozwoj jadalnych filméw 1 powtok jest oparty na specyficznych wtasciwosciach
funkcjonalnych polimerow. Dodatek komponentow wchodzacych w ich sklad tj.
plastyfikatory, stabilizatory, tluszcze, biatka w optymalnej koncentracji i we wlasciwej

kolejnosci ma wplyw na ich wlasciwe zastosowanie (Liu, 2005).

Skrobia 1 jej pochodne sa wykorzystywane w przemysle spozywczym migdzy innymi jako
zagestniki, zmigkczacze, stabilizatory, substancje zelujace, dietetyczne, zamienniki thuszczu i
srodki modyfikujace strukture w procesie technologicznym (Lin i in., 2011). Skrobia jest
takze dodawana m.in. do zup, soséw (réwniez mig¢snych), ptatkow $niadaniowych, mufindow,
ciasteczek, przekasek, makaronow, dresingdow, kremow i produktow mlecznych (Kong, Bao

& Corke, 2009; Thirathumthavorn & Charoendrin, 2006).

Przemyst spozywczy wymaga uzycia wielu materiatbw opakowaniowych i nawet niewielka
redukcja ich ilo$ci ma istotne znaczenie w ograniczeniu masy i objetosci wytwarzanych
odpadow (Liu, 2005). Jednym z najwazniejszych polisacharydéw uzywanych do wytwarzania
biodegradowalnych i/lub jadalnych filméw zastepujacych plastikowe opakowania do

zywnosci jest wlasnie skrobia (Ghanbarzdeh, Almasi & Entezami, 2011).

Filmy i powtloki skrobiowe ciesza si¢ zainteresowaniem wsrdd konsumentow od wielu lat i s
przez nich bardziej akceptowane niz pochodne ropy naftowej - polimerowe tworzywa
sztuczne. Jadalne 1/lub biodegradowalne filmy i1 powtoki moga mie¢ bardzo szerokie
zastosowanie w przemysle spozywczym. Moga zapobiec nadmiernemu uzywaniu opakowan

i/lub petni¢ funkcje izolujaca miedzy dwiema lub wiecej warstwami produktu.
Pokrywanie migsa powlokami skrobiowymi ma na celu ochron¢ przed utratg wilgoci,

poprawa wlasciwosci organoleptycznych, zapewnia stabilno$¢ mikrobiologiczng, chroni przed

autooksydacja tlhuszczow (Baldwin, Hagenmaier & Bai, 2012; Cutter & Sumner, 2002;
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Embuscado & Huber, 2009; Sikora i in., 2007). Powloki na bazie skrobi mozna stosowac
rowniez do proszkéw, nasion i innych produktéw zywnosciowych. Nadaja si¢ one takze do
mikrokapsutkowania aromatéw 1 powlekania produktow $§wiezych 1 minimalnie
przetworzonych, a w szczeg6lnosci do owocow 1 warzyw. Oprocz tego mogg poprawiad
polysk wielu owocoéw np. jablek, cytryn, pomaranczy, owocoOw mango itp., a takze
uwydatnia¢ cechy sensoryczne i teksturalne (Guilbert, Gontard & Gorris, 1996; Petersen i in.,

2011).

1.2.8. Summary (short translation of the polish publication)

The European Union estimates the world's population in 2040 will increase up to 10 billion, ie
twice more than in 1990. Accordingly, the demand for energy and organic materials will also
increase (up to three times). In this situation, the demand on plant material will be greater than
the supply, as the number of farmlands is limited, and additionally their number is decreasing
every year. The situation is similar in case of the fossil fuels.

Thier extraction induces negative environmental effects, which is reflected in the price of oil,
gas and coal, and subsequent wastes. To prevent these growing economic problems widely
available, relatively inexpensive, biodegradable and renewable polysaccharide raw materials,
like starches, are envisaged as substitute of petrol-based plastics. This biopolymer has unique
properties and it is the most commonly used polysaccharide on Earth and contender for

material of the twenty-first century (Tomasik, 2000).

The food industry requires the use of many packaging materials and even a small reduction in
their number is significant in reducing the weight and volume of waste which are produced
(Liu, 2005). One of the major polysaccharide used in the manufacture of biodegradable and/or
edible films to replace plastic food packaging is the starch (Ghanbarzdeh, Almasi &
Entezami, 2011). Starch is the most available plant material. You can find it on 6 continents.
Cereals, seeds of vegetables, tubers and fruits contain in a dry matter from 30 to 85% of starch
(Baldwin, Hagenmaier & Bai, 2012; Embuscado & Huber, 2009). For example rice grain
contains 1-3% of fat, 8% of protein and 80% of starch (Lin et al., 2011). Starch is a
polysaccharide combination of two fractions: amylose and amylopectin. Both fractions
contain molecules of glucose, but with different size and shape. Amylose is a smaller fraction
and is defined as a linear molecule of the units (I — 4) -a-D-glucopyranose, the degree of
polymerization is below 500. It includes a few branched chain (1 — 6) -a. Amylopectin is the

heavier, branched macromolecules with bonds (I — 6) -a and (1 — 4) -a-D-glucose. The
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amylose content of starches is in the range 18-30%, except of waxy maize starch, which
contains only amylopectin (Baldwin, Hagenmaier & Bai, 2012; Hoover, Hughes & Liu,
2010). Films and coatings can be formed from any type of starch containing amylose, because
a linear structure has a greater influence on the formation of connections between molecules

than the branched structure (Embuscado & Huber, 2009).

Depending on the size, the starch granules can be grouped into four size classes:
* huge - more than 25 microns, for example potato starch (41.5 microns) and wheat starch
(20.2 microns),
* medium - from 10 to 25 microns, for example tapioca starch (15.6 microns), corn starch
(13.8 microns),
* small - from 5 to 10 microns, for example oat, buckwheat, millet, rice starches,

« very small - up to 5 microns for example amaranth starch (3.0 microns), quinoa starch.

Besides, the morphological classification of the starch granules can be ranked by the mold.
They can be oval (elliptical), square, elliptical, polygonal, irregular, or lens shape (Hoover,
Hughes & Liu, 2010; Molenda et al., 2006). According to Molenda et al. (2006), these
parameters influence the mechanical properties. It has been shown the grain size increases the
compressibility and flowability of the materials. Tapioca and corn starch grains have similar

size hence their compressibility and stress curves are very similar to each other.

The most important source of starch in the world is corn with 83% of total production. The
biggest exporter, which produced more than 60% starch are the United States. The second
largest raw material is wheat. Despite the small share of world production (below 7%), it is a
very valued source of starch in Europe. This is due to the favorable conditions to grow. Next
places belong to potato starch (6%), and tapioca (4%) (Liu, 2005; Molenda et al., 2006). Due
to the many advantages of starch, the polymer is one of the most commonly used raw
materials for the production of biodegradable packaging in the form of films and coatings. In
addition it has good geometrical and optical properties. The coatings and films of starch are
easily formed, having the optimal thickness, usually are transparent or milky as rice starch.
This can be easily dyed or printed. Transparency of membranes can be also used to emphasize
the freshness of fruits and vegetables. Starch coatings with wax addition make fruits shinier
and concentrate the attention of consumers. Starch coatings have good mechanical properties

too. Addition of plasticizer causes they are not fragile, they do not break and do not crack.
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Strong hydrophilic nature and strong sorption (particularly high permeability to water vapor),

the tendency to retrogradation and poor solubility in water are disadvantages of this polymer.

Therefore, starch is modified (usually by chemical, physical, enzymatic, or combinations of
these methods), or produced in the native form (Ghanbarzdeh, Almasi & Entezami, 2011,
Guilbert, Gontard & Gorris, 1996; Jayakody et al., 2009; Lin et al., 2011; Singh Kaur &
McCarthy, 2007). By genetic modification starch helps for creating products tailored to
specific purposes (Berski et al., 2011). So, the physicochemical properties of films are most
often modified by the solubility of the powders of starch in water, the gelling temperature,
swelling properties and the temperature of freezing and thawing starch (Nwokocha et al.,

2009).

For optimal uses and applications, starches are thus often chemically modified. These
highlight the features and give the ability to create starchy products, which have unique
properties for various useful applications. The most common directions of chemical
modification of starch include: thermal stabilization, cross-linking, substitution of some

chemical groups, substitution of some branches in amylopectine, oxidation, acid hydrolysis...

Regardless of the plant species and the type of starch, the combined methods, i.e. mechanical
combination with chemical are used for the isolation of the polysaccharide (Araujo-Farro, et
al., 2010; Lin et al., 2011). Edible films and coatings can be made according to the following
mechanisms: simple coacervation, complex coacervation, thermal gelation or coagulation.
Films could also be prepared by standard techniques, i.e. extrusion, casting, thermoforming
(Guilbert, Gontard & Gorris, 1996). Coatings can be applied onto the surface of products by
many methods, for example by dipping (usually food that requires several layers of film-
forming - laminates), spraying (usually to separate the two layers) and pouring. For meat
products, flooding method is used with a special machine functioning like a waterfall
(Embuscado & Huber, 2009). The films are produced independently to the food product and
only then applied onto it. They can be multilayer systems with other ingredients, i.e. fat. The
disadvantages of bilayer or multilayer films composed of starch-based layers is a tendency to
delamination with time, to formation of holes, cracks and crevices, due to weak cohesive
forces. Such films are often fragile or brittle and thus impractical for use with many food

ingredients (Liu, 2005).
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The successive development of edible films and coatings is based on the specific functional
properties of biopolymers. The components included in the film composition, i.e. plasticizers,
stabilizers, fats, protein, in the optimal concentration and in the correct sequence, have an
impact on their proper use (Liu, 2005). Starch and its derivatives are used in the food industry,
as thickeners, plasticizers, stabilizers, gelling agents, dietary fat substitutes and structure
modifying agents (Lin et al., 2011). Starch is also added for soups, sauces (including meat),
cereals, muffins, cookies, snacks, pasta, dressings, creams and dairy products (Kong, Bao &
Cork, 2009; Thirathumthavorn & Charoendrin, 2006). Films and coatings made from starch
are appreciated and used by consumers and they are more accepted than petroleum derivatives
- polymer plastics. Edible and/ or biodegradable films and coatings can be widely used in the
food industry. They can prevent excessive use of packaging and/or can act as isolation
between two or more layers of the product. Covering meat with starch coatings intends to
protect against moisture loss, improved organoleptic properties, provides microbiological
stability, protects against autoxidation of fats (Baldwin, Hagenmaier & Bai, 2012; Cutter &
Sumner, 2002; Embuscado & Huber, 2009; Sikora et al., 2007). Starch-based coatings can be
applied onto powders, seeds and other granulated or small-size food products. They are also
suitable for microencapsulation of flavors, coating of fresh product and minimally processed
foods, especially fruit and vegetables. In addition, they can improve the shininess of fruits, for
instance apples, lemons, oranges, mangoes, etc., as well as the enhancement of sensory and

textural characteristics (Guilbert, Gontard & Gorris, 1996; Petersen et al., 2011).

Page 52 / 306



1.3. Starch coatings used in food packaging and plasticizers (Basiak E., Lenart
A. (2013). Powtoki skrobiowe stosowane w opakowalnictwie Zywnosci,
Zywnosé, Nauka, Technologia, Jakos¢, 20, 1, 21-31. Starch coatings used
in food packaging and plasticizers. Food, Science, Technology, Quality, 20,
1,21-31).

1.3.1. Abstract

Edible starch coatings are meeting with growing demand both by the producers and
consumers for the cheap, save and biodegradable alternative for artificial coatings. Starch
coatings have many advantages, e.g.: biodegradability, edibility, wide availability, low price
and high quality. Edible starch coatings have good mechanical, optical, sorption properties
and combined with others components (for example fats) starch coatings gain good barrier
properties. They are very useful as a part of multilayer food products where they can serve as
a barrier between layers. Additionally they can be used to encapsulate food ingredients
making them easier to dose and mix. Most often starch films are made by casting. In
combination with plasticizers and/or other components starch films can be used to form

continuous structures, which could directly coat raw materials and food products.

1.3.1. Abstrakt

Coraz wigkszym zainteresowaniem ws$rdd producentdw zywnosci bezpiecznej i o malym
stopniu przetworzenia, ciesza si¢ jadalne powloki skrobiowe. Maja one wiele zalet tj.
biodegradowalnos¢, szeroka dostepnos$¢, niska ceng i wysoka jakos¢. Charakteryzuja sie
dobrymi wlasciwos$ciami mechanicznymi, optycznymi, sorpcyjnymi, a w potaczeniu z innymi
sktadnikami (takimi jak np. tluszcze) takze wilasciwosciami barierowymi. Sg szczegolnie
przydatne do wprowadzenia substancji dodatkowych do Zzywnosci z mozliwosciag ich
kontrolowanego uwalniania w czasie spozywania potraw, jak i ich przygotowywania. Powtoki
1 filmy skrobiowe s3 wytwarzane najczgsciej technika wylewania. W potaczeniu z
plastyfikatorem i/lub innymi sktadnikami tworza ciagle struktury nadajace si¢ do

bezposredniego powlekania surowcoOw 1 produktéw spozywcezych.
1.3.2. Wstep

Od momentu, w ktorym na rynku produktoéw spozywczych pojawity si¢ syntetyczne polimery

dominuja opakowania z tworzyw sztucznych. Maja one szereg zalet tj. tatwos$¢ dostepu
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surowca, niskg cene, dogodno$¢ w transporcie, duza i wybiorcza barierowos¢ dla gazow,
aromatow 1 pary wodnej. Jednak jednoczes$nie sa wyjatkowo niekorzystne dla srodowiska
naturalnego. Ich rozklad trwa setki lat. Opakowania biodegradowalne wymagaja zazwyczaj
specjalnych warunkow do kompostowania a ich cena jest wyzsza niz syntetycznych. Innym
sposobem zagospodarowania i zmniejszenia masy produkowanych odpadéw moga stac si¢

powtoki jadalne.

1.3.3. Wiasciwosci powtok jadalnych

Zywnoéé surowa, o wysokiej jakosci i duzym bezpieczenstwie, oraz produkty jak najmniej
przetworzone s3 przedmiotem wzrastajacego zainteresowania konsumentéw. Przy ich
wprowadzaniu na rynek istotne znaczenie odgrywa réwniez ochrona srodowiska, tzn. dazy si¢
do wytwarzania jak najmniejszej ilosci opakowan, ktore po jednokrotnym uzyciu stang si¢

odpadami (Alves i in., 2007; Wu i in., 2009).

Jednym z rozwigzan tego problemu sg powtoki naktadane bezposrednio na produkt i filmy
otrzymywane poza nim. Wytwarzane z syntetycznych polimerdw, takich jak np.: polietylen
niskiej gestosci, chlorek poliwinylu, polipropylen maja wiele pozytywnych cech, chroniac
produkty przed mechanicznymi uszkodzeniami 1 ograniczaja kontakt Zywno$ci ze
srodowiskiem. Pomimo tych zalet majg istotna, ograniczajaca ich stosowanie wade — wysokie

koszty utylizacji (Vifia 1 in., 2007).

Alternatywa dla tego typu opakowan okazaty si¢ jadalne i/lub biodegradowalne powtoki. Sa
one przyjazne dla s$rodowiska, moga promowaé jako$¢ 1 dostepnos¢ minimalnie
przetworzonych produktéw. Sg wytwarzane z weglowodandw, biatek 1 thuszczow, lub tez
moga by¢ kombinacja bialek z weglowodanami i weglowodandéw z tluszczami (Alves 1 in.,
2007; Chen, Kuo & Lai, 2009). Zrodtami polisacharydéw sa np. korzenie warzyw i ziarna
zb6dz oraz pektyny, alginiany i celuloza wyizolowane z komorek roslin oraz karageny z
wodorostow morskich. Bialkami wykorzystywanymi do produkcji powlok sg m.in. bialtka
serwatkowe 1 sojowe oraz gluten pszenny, za$ tluszczami estry, mono-, di- 1 trojglicerydy,
woski pszczele 1 zywice (Kokoszka & Lenart, 2007; Kowalczyk & Pikula, 2010; Talja i in.,
2007).

Gtowng funkcja powtok jadalnych jest zapobieganie wymianie pary wodnej 1 innych

substancji tj. tlenu, ditlenku wegla 1 zwigzkéw aromatycznych pomiedzy produktem a

Page 54 / 306



otoczeniem albo pomigdzy réznymi warstwami w materiale. Oprocz wlasciwosci barierowych
dla wielu sktadnikéw zywnos$ci powloki moga spowalnia¢ absorpcje pary wodnej w
produktach o matej zawartosci wody np. w krakersach (Talja i in., 2008). Wplywaja na
przenoszenie substancji przeciwdrobnoustrojowych, sktadnikow aromatu, barwnikéw albo na
polepszenie wlasciwosci mechanicznych zywnosci czy produktow farmaceutycznych.
Dodatkowo moga by¢ uzywane jako aktywne sktadniki materiatow opakowaniowych (Singh,
Belton & Georget, 2009; Talja i in., 2008). Powinny charakteryzowac¢ si¢ dobrymi
wlasciwosciami wigzacymi, adhezyjnymi 1 plastycznymi. Jadalne powtoki biatkowe 1
polisacharydowe cechuja si¢ wigksza sita rozciagania i lepsza selektywnoscia dla gazéw niz
tluszcze, ale mniejsza barierowoscia wody, poniewaz s3a hydrofilowe. Mniejsza
przepuszczalno$¢ pary wodnej w materiatach hydrofobowych tj. w ttuszczach powoduje, ze s
one dodawane do powlok hydrofilowych poprzez laminowanie, czyli pokrycie cienka

warstwa lub poprzez wytworzenie emulsji (Chen, Kuo & Lai, 2009; Vifa i in., 2007).

1.3.4. Charakterystyka powtok skrobiowych

Skrobia jest jednym z najwazniejszych naturalnych biopolimeréw w technologii zywnosci, w
szczegllnosci w projektowaniu wlasciwosci reologicznych zywnosci (Alves i in., 2007; Reis 1
in., 2008). Sikora i in. (2007) przeprowadzili badania reologiczne deserowego sosu
truskawkowego, w sktad ktorego wchodzit 2% dodatek skrobi ziemniaczanej, kukurydzianej
lub owsianej 1 0,24% gumy ksantanowej. Wykazano, Ze rodzaj zagestnika ma bardzo duzy

wptyw na cechy produktu koncowego 1 zalezy on od uzytego materiatu biologicznego.

Skrobia moze by¢ jednym z najwazniejszych sktadnikéw materialdow opakowaniowych. Ma
szereg pozytywnych cech m.in. relatywnie niskg cen¢ (znacznie tansza od polietylenu),
dostepnos¢ 1 biodegradowalno$¢. Ponadto jest jadalna i tatwa w obrobce technologicznej
(Ghanbarzadeh, Almasi & Entezami, 2010; Jiménez i in., 2012; Rodriguez i in., 2006; Shen i
in., 2010; Torres 1 wsp., 2011; Yan i in., 2012).

Skrobia jako weglowodan zapasowy stanowi gldéwny zasdb energii w roslinach wyzszych
(nawet okoto 90% w suchej masie) (Embuscado & Huber, 2009). Jest najczesciej
akumulowana w bulwach, nasionach i1 korzeniach (Araujo-Farro i in., 2010; Torres i in.,
2011). Najwiekszym zrodtem skrobi dla przemystu sg kolejno: kukurydza, pszenica, maniok

jadalny, ziemniak 1 catlkiem wspodiczesnie ponownie odkryte amarant 1 komosa ryzowa
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(Araujo-Farro 1 in., 2010; Li i in., 2008). Wazna rol¢ odgrywa skrobia natywna, jak 1
modyfikowana (Liu, 2005; Torres i in., 2011).

W zaleznos$ci od rodzaju surowca ziarna skrobi roznig si¢ od siebie sktadem, rozmiarem i
ksztaltem (rysunek 1.2). Cechy te przekladaja si¢ na funkcjonalno$é, wiasciwosci barierowe,
mechaniczne 1 sorpcyjne. Wymienione wilasciwosci sorpcyjne skrobi wptywaja na sklad
powlok, proces ich formowania, metody naktadania na produkt i zastosowanie (Li i in., 2008;

Mali i in., 2006; Rodriguez i in., 2006).

Rysunek 1.2 Ksztalt ziaren skrobi z: a) ziemniaka b) ryzu c) pszenicy d) wilczomleczu e)
tapioki f) kukurydzy
Figure 1.2 Shape of starch grains obtained from: a) potato b) rice ¢) wheat d) euphorbia e)

tapioca f) maize starches

Czasteczka skrobi zbudowana jest z dwoch rodzajow polimeréw D-glukozy (rysunek 1.3):
amylozy (20 - 30%) 1 amylopektyny (70-80%). Amyloza jest polimerem sktadajacym si¢ z
tancuchéw liniowych, potaczonych wigzaniami o-1,4 glikozydowymi. Natomiast w
amylopektynie wigkszo$¢ stanowig wigzania a-1,6 glikozydowe zapewniajace rozgatezienie
tancucha liniowego, z czgécig wigzan liniowych a-1,4 glikozydowych. Skrobia pochodzaca z
roznych zrédet ma rézny stosunek amylozy do amylopektyny i przez to rozne wlasciwosci
(Liu, 2005; Mali i in., 2006; Singh, Belton & Georget, 2009; Staroszczyk i in., 2007; Torres 1
in., 2011; Yuryev, Tomasik & Bertoft, 2007). Przewaga amylozy w skrobi powoduje, ze
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filmy z niej otrzymane sa bardziej wytrzymate, za$ rozgateziona struktura amylopektyny
generalnie prowadzi do uzyskania powlok o zréznicowanych wlasciwosciach mechanicznych
tj. o mniejszej sile rozciggania w poréwnaniu do tych, ktore majag w swym sktadzie wicksza
zawarto$¢ amylozy (Torres 1 in., 2011). W celu uzyskania powlok z wysokim dodatkiem
amylozy stosuje si¢ metody alternatywne, np. modyfikacj¢ genetyczna. Sa one niestety bardzo
kosztowne i nie sg dozwolone we wszystkich krajach. Stad inna, bardziej pospolita technikg
do separacji amylozy jest jej selektywne tugowanie. Polimery te ekstrahuje si¢ ze skrobi
poprzez tugowanie w goracej wodzie (50-70°C) (Alves i in., 2007; Torres 1 in., 2011). Po
ochtodzeniu ze skrobi uzyskuje si¢ cenne w przemysle spozywczym zele (Talia i in., 2007).
W czasie zelowania amyloza i amylopektyna ulegaja wewnatrz- i mi¢dzyczasteczkowemu
sieciowaniu. W rezultacie dochodzi do produkcji makroczasteczkowych sieci (Liu, 2005;

Zavareze 1 in., 2012).

Rysunek 1.3 Rodzaje polimerow D-glukozy w skrobi: a) amyloza, b) amylopektyna (Mitrus,
Wojnowicz & Moscicki, 2009)

Figure 1.3 Types of D-glucose polymers in starch a) amylose b) amylopectin
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Mozliwosci wykorzystania jadalnych powlok na bazie skrobi sa bardzo duze. Wynika to z
wczesniej wymienionych zalet tego surowca, ale przede wszystkim z dobrej barierowosci dla
gaz6w. Najwazniejszym ograniczeniem w uzyciu skrobi jest wysoka przepuszczalnos¢ pary
wodnej, ktora dodatkowo negatywnie wptywa na jej wlasciwosci mechaniczne (Rodriguez 1
in., 2006). Pod wplywem wysokiej wilgotnosci wzglednej otoczenia powtoki moga si¢
faldowac (zwija¢ w rulon) lub wygina¢. Wtasciwosci mechaniczne filmoéw skrobiowych sa
determinowane przez jednokierunkowg sil¢ rozciggania. Eksperymentalna krzywa naprezenia
jest uzywana do obliczania wytrzymatos$ci na rozcigganie powlok, odksztatcen 1 wydtuzenia
prowadzacych do zerwania lub peknigcia. Wiasciwosci te sg zalezne od dlugosci tancuchéw
polimerowych, interakcji tancuchéw i grubosci powtok (Miiller, Laurindo & Yamashita,
2009). Badana jest réwniez barierowos¢ powlok dla drobnoustrojow. Mimo, ze drobnoustroje
chorobotworcze tj. Escherichia coli czy Staphylococcus aureus powinny by¢ kontrolowane w
przemysle spozywczym, badania ich obecnos$ci w powtokach wykonuje si¢ bardzo rzadko

(Shen i in., 2010).

Wiasciwosci funkcjonalne, mechaniczne 1 barierowe powtok spozywczych nie powinny by¢
modyfikowane przez substancje chemiczne. Dodatki tego typu sa niepozadane przez
konsumentow, poniewaz powloki i filmy sa spozywane razem z produktem i muszg spetnia¢
wszystkie wymogi dotyczace produkcji zywnosci bezpiecznej dla zdrowia. Dlatego preferuje
si¢ znacznie bardziej ztlozone postepowanie, jak np. modyfikacja wtasciwosci skrobi. Powtoki
wytwarzane z tego typu skrobi moga mie¢ bardzo zrdéznicowane wiasciwosci uzytkowe.
Skrobia utleniona jest szeroko wykorzystywana w przemys$le, gdyz zapewnia uzyskanie
bardzo dobrych zdolnosci powtokotworczych (Zavareze i in., 2012). Natomiast roztwor
powtokotworczy ze skrobi natywnej z tapioki wymaga zawsze intensywnej homogenizacji

przed utworzeniem powtoki (Chang, Karim & Seow, 2006).

1.3.5. Plastyfikatory i dodatki strukturalne w powlokach skrobiowych

Wiasciwosci organoleptyczne, odzywcze, uzytkowe, w tym i1 mechaniczne powtok jadalnych
moga by¢ modyfikowane poprzez dodatek rdéznych substancji — tzw. plastyfikatoréw
(Rodriguez 1 in., 2006). Wiaczenie do struktury tych substancji jest niezbedne w celu
uzyskania elastycznych powlok (Yan i in., 2012). Filmy sktadajace si¢ wylacznie z samej
skrobi maja duza energi¢ kohezji. Plastyfikatory redukuja t¢ sile poprzez zmniejszenie
miedzyczasteczkowych  wigzan wodorowych  wystepujacych pomiedzy tancuchami

polimerow (Jiménez 1 in., 2012). Lourdin i wsp. (1995) poréwnywali mechaniczne
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wiasciwosci filmow skrobiowych z 1 bez dodatku plastyfikatora. Powloki z samej skrobi
charakteryzowaly si¢ silg rozciggania w granicach 45 MPa, a z glicerolem okoto 10 MPa.
Dodatek plastyfikatora powoduje wzrost przestrzeni migdzyczasteczkowych, a tym samym
wpltywa na zwigkszenie ruchliwosci czasteczek, prowadzacej do obnizenia stopnia
krystalizacji, zmiany modutu Younga i sily rozciggania (Mali i in., 2006; Muscat, Adhikari &
Chaudhary, 2012; Rodriguez i in., 2006; Talja i in., 2008). Smits i wsp. (2003) wykazali, ze
tendencja do krystalizacji skrobi ziemniaczanej moze by¢ znacznie zredukowana, kiedy

plastyfikator bedzie w kontakcie z wigksza liczbg grup OH podczas zelowania.

Oprocz poprawy elastycznosci 1 sity rozciaggania plastyfikatory sprawiaja, ze powloki nie sg
twarde i kruche oraz nie pekaja (Jiménez i in., 2012). Zmniejszajac ich sztywnos$¢ zwiekszaja
rozciggliwos¢ polimerow poprzez zmniejszenie sit migdzyczasteczkowych oddziatujacych
migdzy sasiadujagcymi tancuchami (Rodriguez i in., 2006; Talja i in., 2008). Poprawiaja ich
wlasciwos$ci strukturalne, ale wplywaja tez czgsto negatywnie na wilasciwosci barierowe

(Rodriguez i in., 2006; Talja i in., 2007).

W przypadku dodawania do roztworu powlokotworczego skrobi tylko jednego plastyfikatora
w duzej iloSci moze nastgpowaé rozdzielenie faz i krystalizacja plastyfikatora (Talja i in.,
2008). Natomiast, kiedy jest obecny wiecej niz jeden plastyfikator (oprocz wody) dochodzi do
oddziatywan typu plastyfikator — plastyfikator. Ta interakcja prowadzi do uwydatnienia
wlasciwos$ci obu dodatkéw (Muscat, Adhikari & Chaudhary, 2012). Stosowane plastyfikatory
musza by¢ kompatybilne z gtownymi sktadnikami, to jest z polimerami powlokotwodrczymi
(Talja i in., 2008). Dlatego tez najpopularniejszymi plastyfikatorami dodawanymi do powtok
skrobiowych sg alkohole polihydroksylowe tj. glicerol, sorbitol, ksylitol i mannitol (Wu i in.,
2009). Nie powoduja one sieciowania filmow podczas magazynowania i stanowig barier¢ dla
réznego rodzaju gazéw (Mali 1 in., 2006). Oprécz tego wplywaja na wtasciwosci powlok tj.

sorpcj¢ wody, migracj¢ pary wodnej i wlasciwosci mechaniczne (Talja i in., 2007).

Alkohole polihydroksylowe maja tendencje do silnej adsorpcji wody, ktora zalezy od masy
czasteczkowej 1 liczby grup hydroksylowych (Muscat, Adhikari & Chaudhary, 2012). Jednym
z najcze¢scie] uzywanych plastyfikatorow wsrdd alkoholi polihydroksylowych, jest glicerol.
Uwydatnia on wlasciwosci mechaniczne, poniewaz ma natur¢ hydrofilowa (Wu i in., 2009).
Jego dodatek w odpowiedniej ilosci moze wptywaé na interakcje pomiedzy tancuchami

innych polimeréw poprzez zmiang wartosci 1 sit wigzan wodorowych (Araujo-Farro 1 in.,
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2010). Powoduje takze, ze otrzymywane powtoki sg przezroczyste, cienkie, elastyczne i maja
jednolita forme (Araujo-Farro i in., 2010; Wu i in., 2009). Jest rozpuszczalny w wodzie,
polarny, nielotny, daje si¢ tatwo zmiesza¢ ze skrobig. Jego zawartos¢ wplywa takze na takie
wlhasciwosci powlok skrobiowych, jak sorpcja i przepuszczalno$¢ pary wodnej oraz na

temperature przemiany szklistej (Yan i in., 2012).

Adhikari, Chaudhary i Clerfeuille (2010) badali wtasciwosci powlok ze skrobi kukurydzianej
0 malej zawarto$ci amylozy z dodatkiem glicerolu (3 grupy hydroksylowe) i ksylitolu (5 grup
hydroksylowych) w stosunku do skrobi 1:1. Wykazali, ze ksylitol w poréwnaniu do glicerolu
jest bardziej efektywnym plastyfikatorem, ma wigkszg mas¢ czasteczkowa i tendencj¢ do
tworzenia silniejszych wigzan wodorowych z czasteczkami skrobi. Ksylitol jako plastyfikator
powodowat wigkszag migracje wilgoci 1 mial lepsze wiasciwosci dyfuzyjne. Jednoczesnie
Muscat, Adhikari 1 Chaudhary (2012) wykazali, ze jego dodatek w ilosci ponizej 15%
powodowat kruchos$¢ i famliwos¢ filmow. W tych powtokach, w ktérych dodatek ksylitolu
byl na poziomie powyzej 30% po kondycjonowaniu do wilgotnosci wzglednej 52,9%
dochodzito do rozdzielenia faz. Optymalnym rozwigzaniem okazato si¢ potaczenie glicerolu z
ksylitolem. Filmy z udzialem obu plastyfikatorow mialy mniejszg zawarto$¢ wilgoci niz te,
ktore zawieraly tylko jeden alkohol polihydroksylowy (Muscat, Adhikari & Chaudhary,
2012).

Woda réwniez petni funkcje plastyfikatora w powlokach polisacharydowych. Jej zawartos$¢
ma istotne znaczenie w ksztattowaniu wiasciwosci powtok i filméw skrobiowych (Torres i
in., 2011; Zavareze i in., 2012). Gdy zawarto$§¢ wody w filmach ros$nie, wzrasta znaczaco
aktywnos$¢ wody 1 analogicznie, gdy zawartos¢ wody zmniejsza si¢, istotnie maleje aktywnos$¢
wody (Talja i in., 2007). Najlepszym narzedziem do kontroli zawartosci wody w powltokach
polisacharydowych jest przebieg izoterm sorpcji pary wodnej (Godbillot i in., 2006). Woda
jest takze dobrym rozpuszczalnikiem innych substancji takich jak: glukozy, sacharozy,

ksylozy, sorbitolu i glicerolu (Chang, Karim & Seow, 2006).

Wiedza z zakresu plastyfikatorow, a w szczego6lnosci alkoholi polihydroksylowych jest
niezb¢dna do jak najefektywniejszego przygotowania powlok i filméw skrobiowych o
pozadanych cechach jak np. o matej badz duzej zawartosci amylozy (Muscat, Adhikari &
Chaudhary, 2012). Talja 1 wsp. (2007) zauwazyli, ze zwigkszenie zawartosci amylozy w

skrobi kukurydzianej powoduje wzrost stopnia krystalizacji sktadnikow filmow. Dodatek
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plastyfikatora niweluje te niepozadane zmiany. Jednak ilo$¢ plastyfikatora musi by¢
kontrolowana. Wysoka zawarto$¢ alkoholi polihydroksylowych powoduje rozdzielenie faz, a
powierzchnia filmu jest lepka (dodatek glicerolu) i dochodzi do krystalizacji czgSci
sktadnikow (ksylitol i1 sorbitol). Do filméw z natywnej skrobi ziemniaczanej Talja 1 wsp.
(2007) dodawali taka samg ilos¢ glicerolu, ksylitolu i sorbitolu. Kazdy alkohol inaczej
wptywal na wlasciwosci powlok, z uwagi na inng mase¢ czasteczkowa. Na przyktad

przepuszczalnos$¢ pary wodnej malata ze wzrostem masy czasteczkowej plastyfikatora.

Kwasy tluszczowe sa dodawane do powlok skrobiowych w celu obnizenia przepuszczalnosci
pary wodnej. Jej zawartos$¢ jest zazwyczaj duza w powlokach i filmach polisacharydowych,
poniewaz sg one silnie hydrofilne. W najnowszych pracach badawczych Galus i Lenart (2010)
wykazali, ze dodatek kwasoéw tluszczowych do powtok 1 filmoéw oddziatuje na ich
wlasciwosci 1 wplywa na zdolno$¢ krystalizacji podczas formowania powtok i ich
poOzniejszego przechowywania. Jiménez i wsp. (2012), badajac powloki i filmy na bazie
skrobi kukurydzianej zauwazyli, ze kwasy tluszczowe (palmitynowy i stearynowy) w
kontakcie z glicerolem 1 przy zawartoSci wody ponizej 10% zmniejszaja temperature

przemiany szklistej i zelowania powtok skrobiowych.

Srodki powierzchniowo - czynne jako substancje, ktore maja jednocze$nie charakter
hydrofilowy i1 hydrofobowy moga by¢ wilaczane w strukture filmow skrobiowych w celu
zredukowania napiecia powierzchniowego roztworow powlokotworczych, polepszenia
zwilzalno$ci 1 zmiany sity adhezji (Chen i in., 2009; Rodriguez i in., 2006). Villalobos 1 wsp.
(2006) wykazali, ze dodatek srodkéw powierzchniowo - czynnych (Span 60 i estru sacharozy
P1570) do powtoki istotnie wpltywa na rownowagowa zawartoS¢ wody 1 zwigksza
barierowo$¢ dla wody w filmach z hydroksypropylometylocelulozy. Dla kontrastu Rodriguez
i wsp. (2006) zaobserwowali, ze powloki ze skrobi ziemniaczanej z dodatkiem takich
substancji jak Tween 20, Span 80 i lecytyna nie wykazuja istotnego wzrostu barierowosci dla

wody, ale majg zréznicowane wtasciwosci mechaniczne.

1.3.6. Wytwarzanie powlok skrobiowych

Podczas wytwarzania powlok skrobiowych dazy si¢ do uzyskania materialow
homogenicznych, cienkich i wytrzymatych (Fu i in., 2011). Filmy produkowane z jednego
rodzaju skrobi maja zréznicowane wilasciwosci. W celu poprawy niezadowalajacych cech

stosuje si¢ mieszaniny kilku biopolimeréow. Takie powtoki sktadaja si¢ z 2 — 3 rodzajow
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skrobi 1 sg przygotowywane za pomocg réznych metod (Ghanbarzadeh, Almasi & Entezami,

2010).

Powloki sg wytwarzane nast¢pujacymi sposobami: wylewanie, ekstruzja, termiczne
formowanie, wtryskiwanie, powlekanie i wydmuchiwanie. Najpopularniejsza i najczesciej
stosowang z tych metod jest wylewanie, czyli tzw. metoda na mokro. Technika ta jest
preferowana z tego wzgledu, ze powtoki mozna tatwo naktada¢ bezposrednio na produkty

spozywcze (Fuiin. 2011).

Jednym z najwazniejszych parametrow przy wytwarzaniu powlok skrobiowych za pomoca
metody na mokro sg warunki suszenia. Maja one istotny wptyw na wlasciwosci mechaniczne
1 barierowe, decyduja o produkcie koncowym, np. jego homogenicznosci itp. Podczas doboru
urzadzenia suszarniczego 1 warunkéw procesu wazne jest, by otrzymane produkty nie byly

zbyt wilgotne lub przesuszone (.Araujo-Farro i in., 2010).

Rodriguez i wsp. (2006) przygotowywali wodny roztwor skrobi ziemniaczanej 1 podgrzewali
go w lazni wodnej w temperaturze 70°C przez 30 min. Nastgpnie dodawali 20% glicerolu
wzgledem pierwotnej masy skrobi i 0,5 lub 5% $rodka powierzchniowo - czynnego Tween 20
lub Merc 80, takze wzgledem masy skrobi. Roztwory homogenizowano przez 10 min. przy
predkosci 19000 rpm 1 5 minut przy 22000 rpm. Wylewano 50 g tak przygotowywanego
roztworu na ptytke Petriego o S$rednicy 147 mm 1 suszono w komorach klimatycznych
(temperatura 60°C, wilgotno§¢ wzgledna 60%) przez okoto 24 h. Nastgpnie zdejmowano
powloki z plytek i mierzono m.in. ich grubo$¢, napiecie powierzchniowe, przepuszczalnosé

pary wodnej 1 wytrzymatos$¢ na zerwanie.

Dias i wsp. (2009) uzyskiwali jadalne powtloki skrobiowe réwniez technika wylewania.
Wodny roztwor zawierat 5% skrobi ryzowej i byt mieszany przez 15 min., przy predkosci
4000 rpm. Jako plastyfikator byt dodawany glicerol i sorbitol w ilosci 0,20 lub 0,30 g/g
skrobi. Calo$¢ podgrzewano w tazni wodnej w temperaturze 85°C przez 1 h. Nastgpnie
mieszaning, po wylaniu na ptytki, suszono w 30°C w suszarce z cyrkulacja powietrza. Po
uptywie 14 h powloki byly zdejmowane z ptytek i poddawane analizom. Wyznaczano
izotermy sorpcji pary wodnej, wspdtczynniki dyfuzji i rozpuszczalnos$ci oraz grubo$é i

gestosc.
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Wytwarzanie powlok skrobiowych metoda ekstruzji jest rozwijane od wielu lat. Na proces ten
maj3 istotny wplyw: zawarto$¢ wody, temperatura, predkos$¢ obrotow §limaka w ekstruderze i
predkos¢ podawania surowca. Ekstruzja z zastosowaniem surowcow skrobiowych jest
bardziej zlozona niz z uzyciem innych polimerow. Li i wsp. (2011) przygotowywali filmy
skrobiowe przy uzyciu matrycy do wytwarzania powlok. W ekstruderze znajdowato si¢ 8 stref
kontroli temperatury. Od pierwszej do szostej strefy temperatura wzrastata od 60 do 115-
180°C. W kolejnych strefach malata do 90-100°C. Predkos¢ obrotéw §limaka w urzadzeniu
wynosita 30-120 rpm, a wydajnos¢ 1,2-2,4 kg/h. Po procesie ekstruzji filmy byly
kondycjonowane przez tydzien w eksykatorach z chlorkiem sodu o wilgotnosci wzglednej
75% w temperaturze pokojowej. Koncowa zawartos¢ wody, po suszeniu w suszarce

prozniowej w temperaturze 120°C przez 24 h, wynosita 17 + 0,5%.

Chen 1 wsp. (2008) probowali zmiesza¢ skrobi¢ z polimerami syntetycznymi. Do natywnej
skrobi wyizolowanej z grochu dodawali syntetyczny polimer (polialkohol winylowy) PVA.
Jednak nie uzyskano zadawalajacych witasciwosci powlok. Filmy wykazywaly zwigekszong
przepuszczalno$¢ dla §wiatla, stabsze wlasciwosci mechaniczne, wigksza przepuszczalnosé
dla pary wodnej, a ich wytworzenie byto drozsze niz filmow ze skrobi modyfikowanej z

grochu czy z natywnej skrobi z grochu z nanokrysztatami.

1.3.7. Zastosowanie powtok skrobiowych

Powloki ze skrobi majg szereg zalet: niski koszt, sg tatwe w otrzymywaniu i zastosowaniu,
chronig nie tylko zywnos$¢, ale i $srodowisko przed odpadami z tworzyw sztucznych. W
przechowalnictwie owocow 1 warzyw sg wykorzystywane do kontroli wymiany gazéw
miedzy surowcem, a otoczeniem. Dzigki nim dochodzi do modyfikacji sktadu atmosfery
gazowej bedacej w kontakcie z powierzchnig surowcoéw 1 mniejszych ubytkow wody,
powodujac spowolnienie procesow metabolicznych 1 wydluzenie trwatoséci przechowywanych

surowcow (Kowalczyk & Pikula, 2010; Talja i in., 2007).

W przemysle migsnym powloki i filmy sg najczeéciej wykorzystywane jako ostonki do
kietbas. Moga stanowi¢ réwniez sktadnik mieszaniny peklujacej, lub glazure nanoszong na
produkty migsne i1 rybne. Takze owoce morza takie jak krewetki i o$miornice sa pokrywane
powtokami — zarowno w formie poélproduktu, jak 1 produktu koncowego. Innym
zastosowaniem jadalnych powlok i filmoéw okazalo si¢ sushi z ryzu 1 ryb. Pokrywa si¢ je

filmami z wodorostow morskich (nori). RoOwniez papier ryzowy jest coraz czgsciej stosowany
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do pakowania zywnosci, nie tylko w Azji, ale i na $§wiecie. Powtloki 1 filmy ze skrobi sa
pozbawione smaku, zapachu i barwy. Stad dzigki tym pozytywnym cechom moga by¢

aplikowane m.in. na stodycze i leki (Dias i in., 2010).

Powtloki ze skrobi daja mozliwo$ci pakowania produktow spozywczych, o réznym stopniu
przetworzenia. Moga stuzy¢ jako torebki lub saszetki do pakowania suchych sktadnikow np.
do napojow w proszku. Moga by¢ tez uzywane do kapsutkowania sktadnikow w celu
utatwienia ich dozowania 1 mieszania (Abdorreza, Cheng & Karim, 2011). Sothornvit 1 Pitak
(2007) wykazali, ze cukier moze by¢ przechowywany nie tylko w papierowych czy
polietylenowych torebkach, ale takze w opakowaniach z filmow ze skrobi bananowe;.
Wprowadzenie do powlok skrobiowych barwnikow, witamin, przeciwutleniaczy, substancji
przeciwdrobnoustrojowych, enzymoéw itp. daje duze mozliwosci uzycia powtok 1 filmow

jadalnych w technologii zywnosci (Kowalczyk & Pikula, 2010).

Jadalne filmy i powloki ze skrobi sa coraz czeg$ciej wykorzystywane w przemysle
spozywczym 1 farmaceutycznym. Zainteresowanie nimi z kazdym rokiem ro$nie. Prowadzone
sa coraz liczniejsze badania naukowe nad poprawieniem ich negatywnych cech i
zwigkszeniem mozliwos$ci w jeszcze szerszym uzyciu. Obecnie dazy si¢ do zmniejszenia
masy powtlok, oraz do zastosowania ich do produktow niszowych. Planuje si¢ rowniez
zastgpienie etykiet i1 folii polietylenowych powtokami skrobiowymi. Drukowanie lub
grawerowanie informacji o produkcie i producencie moze nastgpowaé bezposrednio na
powloce. Jednoczes$nie przeprowadza si¢ badania nad polepszeniem wiasciwosci barierowych
powlok, precyzyjnym dozowaniu substancji aktywnych oraz wytworzeniem powtok i filméw

z nanoemulsji skrobiowych 1 wielowarstwowych laminatow (Dias i in., 2010).

1.3.8. Podsumowanie

Opakowania w przemysle spozywczym odgrywajg istotng role z nastepujacych wzgledow:
stanowig barier¢ dyfuzyjng dla pary wodnej, aromatéw 1 gazdéw, chronig przed
drobnoustrojami 1 uszkodzeniami mechanicznymi, sg latwe i wygodne, zaréwno w
transporcie, jak i uzyciu przez konsumentoéw. Konkurencja dla opakowan syntetycznych staty
si¢ jadalne powloki wytwarzane z biopolimeréw, gldwnie z polisacharydéw takich jak np.
skrobia. Moga by¢ one spozywane bezposrednio przez konsumentéw, moga by¢ w nie
pakowane rozne produkty, badz moga stanowi¢ sktadnik produktéw wielowarstwowych. W

wiekszosci przypadkoéw bardzo szybko rozpuszczajg si¢ w wodzie lub w jamie ustnej. Takie
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rozwigzanie znacznie redukuje mas¢ zuzytych opakowan i czas ich rozkltadu w warunkach

naturalnych.

Powtloki i filmy skrobiowe stanowig nie tylko opakowanie dla produktu. Moga by¢ dodatkiem
funkcjonalnym, stanowi¢ warstwe ochronng, lub rozdzielajaca produkty o ré6znym pH i o
réznej aktywnosci wody. Ze wzgledu na wiele zalet wynikajacych z ich struktury, powtoki i
filmy skrobiowe do zywnos$ci mozna tatwo barwi¢, wzbogaca¢ w aromaty, enzymy, witaminy

1 substancje chronigce przez rozwojem drobnoustrojow.

1.3.9. Summary (short translation of polish publication)

When on the food market, plastic synthetic polymers had appeared dominating the
packaging. Materials made from crude oil have plenty advantages, i.e. they are easily
available, they have quite low price, they are convenience in transportation, they have a large
and selective barrier for gases, aromaand water vapor. However, they are also very

unfavorable for the environment. The decomposition takes hundreds of years.

The main function of edible coatings is prevention of water and other substance exchanges,
i.e. oxygen, carbon dioxide and aromas between the product and the environment or between
various layers of material. Additionally coatings can slow down the absorption of water
vapor in products with low water content, for instance in crackers (Talja et al., 2008).
Moreover coatings affect on the transfer of antimicrobial substances, aroma components,
pigments or to improve the mechanical properties of food or pharmaceutical products. They
can also be used as active components of packaging materials (Singh, Belton & Georget,
2009; Talja et al., 2008). Coatings should be characterized by good bonding, adhesive and
plastic properties. Edible protein and polysaccharide coatings are characterized by a higher
tensile strength and better selectivity for gas than fats, but the lower barrier for water vapour,
as well as they hydrophilic. Lower water vapor permeability of hydrophobic materials (fats)
is considered to be mixed to hydrophilic coatings by lamination, or by coating techniques as

a thin layer, or by forming an emulsion (Chen, Kuo & Lai, 2009; Viiia et al., 2007).

Amylose/ amylopectin ratio plays significant role on physical and chemical parameters of
starch films. The predominance of amylose in starch makes films more resistant, while the
branched structure of amylopectin generally results to obtaining coatings with different

mechanical properties, i.e. with lower tensile strength than in those with higher amylose
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content (Torres al., 2011). In order to obtain coatings with a high amylose content alternative
methods are used for example as genetic modifications. This method is very expensive and is
not allowed in all countries. Thus, another more common technique of amylose separation is
its selective leaching. These polymers are extracted from the starch by leaching in hot water
(50-70°C) (Alves et al., 2007; Torres et al., 2011). After cooling, valuable starch gels are
obtained (Talja, et al., 2007). During the gelling process, amylose and amylopectin are
involved in intra- and intermolecular crosslinking. Consequently, macromolecular networks

are produced (Liu, 2005; Zavareze et al., 2012).

The possibilities of using of edible starch-based coatings are very large. This is due to the
plenty advantages of this material, but above all are good barrier for gases. The most
important limitation in the use of starch is its high vapour permeability which further
adversely affects mechanical properties (Rodriguez et al., 2006). Thus, high relative
humidity can cause folding, rolling and benching of biopolymers. The mechanical properties
of starch films are determined by one direction tensile strength. Experimental stress curve is
used to calculate the tensile strength of coatings, deformation and elongation leading to
breaking or cracking. These properties are dependent on the length of the polymer chains,
interacting chains and thicknesses of coatings (Miiller, Laurindo & Yamashita, 2009).
Barrier properties against microorganisms are also studied. Although the pathogenic
microorganisms, i.e. Escherichia coli or Staphylococcus aureus should be controlled in the
food industry, testing their presence in the coatings is carried out very rarely (Shen et al.,
2010).

The functional mechanical and barrier properties of films and coatings should not be
modified by chemical substances. This type of additives is undesirable for consumers since
the coatings and films are consumed with the product and must meet all requirements for
safe food production. Thus processes as modification of the starch are preferred (Zavareze et

al., 2012).

Organoleptic, nutritional and functional, chemical and physical properties of edible coatings
and films can be modified by the addition of various substances - plasticizers (Rodriguez et
al., 2006). The inclusion in the structure of these compounds is necessary to obtain a flexible
coating (Yan et al., 2012). Films consisting only of the same starch have a high cohesive
energy. Plasticizers reduce this force by reducing the intermolecular hydrogen bonds

occuring between the polymer chains (Jiménez, et al., 2012). Lourdin et al. (1995) compared
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the mechanical properties of the starch films with and without the addition of plasticizer. The
coatings made from a starch without plasticizer characterized by a tensile strength in the
range of 45 MPa, and with glycerol addition about 10 MPa. The incorporation of a
plasticizer causes an increase of intermolecular spaces and thereby increases the mobility of
molecules, leading to a reduction in the degree of crystallization, changes in Young's
modulus and tensile strength (Mali et al., 2006; Muscat, Adhikari & Chaudhary, 2012;
Rodriguez et al., 2006; Talja et al., 2008). Smits et al. (2003) proved that the tendency to
crystallize of potato starch can be significantly reduced when the plasticizer will be in
contact with a larger number of OH groups during the gelling.

Moreover plasticizers make the coatings flexible, not brittle and more resistance for breaking
(Jiménez, et al., 2012). Reducing their rigidity increases the extensibility of polymers by
reducing intermolecular forces interacting between adjacent chains (Rodriguez et al., 2006;
talje et al., 2008). They improve their structural characteristics, but also often have a

negative influence on the barrier properties (Rodriguez et al., 2006; Talja al., 2007).

When only one plasticizer in a large amount is added to starch film-forming solution, a
phase separation and crystallization may follow (Talja et al., 2008). In contrast, when there
is more than one plasticizer (other than water), they induce a plasticizer — plasticizer
interaction. This interaction leads to enhancement properties of both additives (Muscat,
Adhikari & Chaudhary, 2012). Plasticizers used must be compatible with the main film-
forming substances (Talja et al., 2008). Therefore, the most popular plasticizers added to the
starch coatings are polyols, i.e. glycerol, sorbitol, xylitol and mannitol (Wu et al., 2009).
They do not cause crosslinking of films during storage and form a barrier for different types
of gases (Mali et al., 2006). In addition, they influence the film properties, i.e. water

sorption, migration of water vapor and mechanical properties (Talja et al., 2007).

Polyols have a strong tendency to water adsorption, which depends on the molecular weight
and the number of hydroxyl groups (Muscat, Adhikari & Chaudhary, 2012). One of the most
commonly used plasticizers of polyols is glycerol. It highlights the mechanical properties,
because it has a hydrophilic nature (Wu et al., 2009). The additive in sufficient quantities
may affect the interactions between the chains of other polymers by changing the value and
strength of hydrogen bonds (Araujo-Farro, et al., 2010). Also it makes the coatings
transparent, thin and flexible (Araujo-Farro and al., 2010; Wu et al., 2009). It is soluble in

water, non-volatile polar solvents, and can be easily mixed with the starch. The starch
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content also affects the coating properties of starch such as sorption and water vapor
permeability and the glass transition temperature (Yan et al., 2012).

In the polysaccharide materials water also acts as a plasticizer. Water content is important in
shaping the properties of starch coatings and films (Torres et al., 2011; Zavareze et al.,
2012). When the water content of the films increases, the activity of the water significantly
increases and vice-versa (Talja et al., 2007). The best opportunity of water content
controlling is isotherm of water vapour sorption (Godbillot et al., 2006). Water is also a good
solvent of other components such as glucose, sucrose, xylose, sorbitol and glycerol (Chang,
Karim & Seow, 2006). Knowledge of plasticizers, particularly polyols is essential to
maximize the preparation of coatings and films of starch with the eligible characteristics,

such as a low or high amylose (Muscat, Adhikari & Chaudhary, 2012).

For the coatings and films preparation, it is seeked to obtain homogeneous materials, thin
and durable (Fu et al.,, 2011). Films produced from one type of starch have different
properties. In order to improve the unsatisfactory characteristics mixtures of several
biopolymers are used. Such coatings consist of 2 - 3 kinds of starch and are prepared by
different methods (Ghanbarzadeh, Almasi & Entezami, 2010). Drying conditions influence
the homogeneity of starch films affecting the mechanical and barrier properties. Then, the
selection of drying equipment and process conditions are parameters to be controlled to

obtain biomaterials that can not be too wet or desiccated (Araujo-Farro et al., 2010).

In fruits and vegetables preservation starch polymers are used to control the gas exchange
between the raw material and the environment. They modify the composition of the gaseous
atmosphere in contact with the surface of the material and lower water losses, causing lower
metabolic processes and extend the durability of the stored raw material (Kowalczyk &

Pikul, 2010; Talja al., 2007).

In the meat industry, coatings and films are the mostly used as a casing for sausages. They
can also be a component of the mixture of curing or glaze applied on meat and fish.
Moreover seafood such as shrimp and octopus are coated. Edible coatings and films are used
as well for sushi with rice and fish. They are covered with films from seaweed (nori). Rice
paper is also increasingly used for food packaging, not only in Asia but in the world.
Coatings and films made from starch are tasteless and colourless. Thus, due to these positive

characteristics, they can be applied on sweets and medicines (Dias et al., 2010). The starch
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polymers are capable to packaging food products with varying degrees of processing level.
They can be used as a bag or pouch for packaging of dry ingredients, e.g. beverage powders,
they can also be used to encapsulate components in order to facilitate their dosing and
mixing (Abdorreza, Cheng & Karim, 2011). Sothornvit and Pitak (2007) have shown that the
sugar can be stored not only in paper or polyethylene bags, but also in packages made from
the banana starch films. Incorporation to the starch matrix inks, vitamins, antioxidants,
antimicrobials, enzymes, etc. gives great possibilities for the use of edible coatings and films

in food technology in many branches (Kowalczyk & Pikul, 2010).
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1.4. Food industry: use of plastics of twenty-first century. Basiak E. (2015) in
Goyal M.R., Meghwal M. (eds.), Emerging Technologies and Innovations
in Food Engineering, Apple Academic Press, Canada. 1008, P9.

1.4.1. Abstract

Every year the amount of people increasing, the gross domestic product is increasing and the
consumption is increasing. Only during the first decade of twenty-first century more
petroleum based polymers were produced than during the whole of the last century. Average,
80 million tons of plastic waste is generated annually, including approximately 500 billion un-
biodegradable bags are used worldwide. Virtually every piece of plastic material that was ever
made still exists in some shape or form (with the exception of the small amount that has been
incinerated). From the second hand the amount of landfills increases because the
decomposition process takes even 1000 years and the Earth area still is the same. Moreover
price of plastic is required by several countries belong to OPEC. The brilliant denouement of
monopoly for fossil fuels and reducing mass of thousand year biodegradable trash can be
organic plant and animals sources, as polysaccharides, proteins and fats. They are most
suitable, abundant, renewable and low-cost materials. They are able to replace plastic
packaging as biodegradable and/or edible coatings and films. Is estimated, that even 1/3 of

plastic waste can be replace by biopolymers.

1.4.2. Food packages: early nineteenth century

The Industrial Revolution which began in the eighteenth century in England and Scotland was
the transition to the process of technological, economic, social and cultural rights and it was
associated with the transition from an economy based on agriculture and manufacturing
industry or craft to relying mainly on mechanical factory production at large scale (industrial).
The major reason of the Industrial Revolution was the rise of population. It has led to an
increase in the number of inhabitants, the result of which also grew market needs. They could
not satisfy them manufactory which of craft production differed only in the organization of
the production process. Second, in order of importance, the cause of the industrial revolution
was the agrarian revolution, which led to the transformation of traditional feudal agriculture in
modern agriculture. Manner of food production changed and demand on it increased. In order
to adapt to market needs in nineteenth century appeared packaging for food (Berlanstein,

1992; Griffin, 2010). At the beginning the main role of packages was protection of food
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products and the ability to convenient transportation - counted so almost exclusively due to
practical and functional. However, technological developments made it appear never forms of
packaging, and thus the same packaging acquired additional significance. Producers were able
to lock products in attractive forms, which contributed to increasing consumer interest in
product and sales growth. It is also conditioned the growth of interest in the visual side of the
packaging by manufacturers, who saw sales potential in packaging, and later also consumers,
who began to differentiate the package among themselves - over time began to play the role
of colour, typography and the general nature of the appearance and layout of the package. The
excellent example can be a bottle of whiskey. In 1985 Jack Daniel trying to differentiate their
product from the common then round bottles of this drink, put on a rectangular bottle, which
further emphasized the character of this filtered through charcoal whiskey. This led to other
manufacturers slowly started harder to see in the package a new feature - namely product
differentiation. That made packaging history began to acquire momentum. A bottle of
whiskey signed with the name Daniel, quite different from previously known bottles of
alcohol, has given a new identity and brands it effectively manifested
(http://blog.michalgosk.com/opakowania/historia-opakowan-czesc-1/, 2015). 30 years later, it
is in 1915 year Coca-cola company also provided the patented design of a battle. This event
was scheduled between the growing interest in packaging and their potential sales. The
appearance of polymer materials completely revolutionized the market of the twentieth
century. Many advantages such as low density, corrosion resistance and ease of processing
(low costs of running large series of finished products compared to other groups of materials)
made from polymers have dominated the market for packaging of the last century. Moreover
economic boom, the appearance of television led to dynamic growth in the packaging market.
The main driving force behind this situation was the emergence of self-service stores, which
appeared in the 30s of the twentieth century in the United States and in Europe a little bit later
- just after the end of World War II. Self-service stores revolutionized the current nature of the
purchases. Customers could choose by themselves and they had time for that. Packaging
design has become so popular and profitable that the resulting separate fields of study, dealing
only packaging design (http://blog.michalgosk.com/opakowania/historia-opakowan-czesc-2/,
2015). Packaging became an integral part of the product is not packaged in. Compared to the
end of the twentieth / beginning of twenty-first centuries people used to buy in the bazaars.
Today, even the salad and rolls are sold in the plastic foil. Many times the packaging value
exceeds the price of the product. Consumers buy by eyes. With each year increasing the

amount of packaging particular those made of plastic. The process of decomposition takes
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hundreds of years, sometimes can occur even thousand. The amount of plastic thrown away
annually can circle the Earth four times. For instance one American citizen throws away 84
kilograms of plastic. Furthermore every year approximately 500 billion bags made from
plastic are used worldwide. Thus, society uses more than one million bags every minute. 50%
of synthetic polymers is used only one time. The number of landfills increasing, the Earth area
decreases due to the growing number of society. The amount of waste generated also
increases. Only five percent of produced plastic is recovered. What's more, the production of
synthetic materials use around eight percent of the world’s oil production, so accounting
amount of produced plastic for several decades crude oil deposits will be completely
exhausted. Part of the waste goes to the reservoirs disrupting natural ecosystems (wastes are
eaten by marine animals, marine transport causes environmental disasters, etc.). In oceans
break down into such little forms that for instance pieces of plastic from one litre bottle are
able to end up on every kilometre of beach throughout the whole world. Billions of kilograms
of synthetic materials can be found in rotating convergences in the oceans representing
approximately 40 percent of the world’s ocean surfaces. 80 percent of pollutants flowing into
the ocean off the land. Plastic accounts for about 90 percent of all rubbish floating on the
surface of the ocean, with 46.000 pieces of plastic per square kilometre. The largest ocean
garbage site in the world (the Great Pacific Garbage Patch) is located near the cost of
California. This is a floating mass of synthetic polymers twice the size of Texas. Every year
one thousands of marine mammals and one million of sea birds are killed by plastic occurred
in the oceans. Numerous studies confirmed the plastic is presented in bodies of all sea turtle
species, many kinds of fish, 44 percent of all seabird species and 22 percent of cetaceans.
Moreover, parts of these compounds, which have been found, have influence on hormonal
system of people (xenoestrogens), and the same potential human health effects. Chemicals
present in plastic may be absorbed by the human body even in 93 percent. The next
disadvantage of plastic material can be the other environmental problem of twenty-first
century, it is dioxide emission. According to words of United States Secretary of State John
Kerry (during Expo 2015) comparing the waves of immigrants to emission of greenhouse gas
it is nothing. Participate to Kyoto Protocol 141 developed countries confirmed how serious
problem can it be for the Earth and societies. One of the main reasons of dioxide production is
production of plastic. Only in this century was produced more plastic than during the whole
last one. That is why it is estimated that the total dioxide emissions from the base year

increased approximately 49% (Environmental Health News).
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1.4.3. Food packaging in twenty-first century

In connection with numerous disadvantages of plastic producers and scientists have begun to
search for packaging material, which would be able to replace it. “Plastic” of twenty-first
century should fulfil diverse functions. One of the most important is technological function —
a package protects against deterioration and undesirable from outside, protects against
microbiological, chemical and physical damages and helps with food trade, the same
protected against scattering and spilling. The package is the carrier of information. All
informations about product, contain, nutrition, mass, volume, quantity of pieces, method of
using, date of shelf-life, brand, producer and others are placed there. In the free market
economy period marketing function seems to be quite important either. Colour, design, form
of package, information and nutrition claims or healthy information can influence on
increasing product demand. Moreover package must be safety (regulated in legislations). In
this respect the basic act in Europe is the European Union Regulation 1935/2004 of the
European Parliament and European Council of 27 October 2004 for materials and articles
intended to come into contact with foodstuffs. These materials under normal or reasonably
foreseeable conditions of using can not constitute a danger for human life, cause unacceptable
changes in the composition of the food as well as the deterioration of its organoleptic
characteristics. These risks could be the result of migration packaging ingredients to food in

quantity exceeding the allowable amounts (Polish Committee for Standardization).

The perfect solution of the problem of plastic packaging seems to be biodegradable and/or
edible films and coatings for food. Edible coatings are a thin layer of edible material applied
directly on food product and meantime films are produced separately from the foodstuff — as
solid sheets and then they are used as a foil, trays etc. Bio-packaging can protect the food stuff
from mechanical damage, chemical, physical, and microbiological activities. Such systems
can be a carrier of nutraceuticals, antioxidants, antimicrobial substances, flavorings and
colour agents. They are able to improve several parameters and properties in food products as
mechanical integrity, appearance quality and others (Tavassoli-Kafrani, Shekarchizadeh, and
Masoudpour-Behabadi; 2016). Biopolymers are usually edible, but if customer does not want
to eat food with package can wash it and the coating will solve into water, or consumer can
throw it away (Debeaufort, Martin-Polo and Voilley, 1996). Process of degradation takes
usually few days - few months, it means a few hundred - few thousand times shorter than in

case of plastics. Production of films and coatings is safety for environment. Any greenhouse
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gas does not arise in the process. According to Kyoto Protocol from 1997 it means,
production of biopolymers is not only environmentally safety and friendly. You can also have
profits by selling surpluses of these gases. Both films and coatings can occur as a single
layers, bi-layers, multilayers or emulsions (Debeaufort and Voilley, 1995). The source
materials of biopolymers are plants (spare plants ‘materials, waxes, fats), shellfish (chitin
armors) and animals’ products (milk protein). Generally following classification is used

(according to their structural component): saccharides, lipids, proteins and composites.

The most popular polysaccharides are: alginate, carrageenan, chitosan, cellulose with its
derivatives, pectin, pullulan and gellan gums and starch (Han and Gennadios, 2005).
Polysaccharides’ films and coatings have good barrier properties to gases as oxygen, carbon
dioxide. Laufer et al. (2013) worked with multilayered thin films. Bio, totally renewable
materials were produced from following polysaccharides: chitosan, carrageenan and
montmorillonite clay. Polymers characterized low oxygen permeability. After addition of one
more chitosan layer (the 4th layer) the oxygen permeability was reduced of two orders of
magnitude under the same conditions. Authors applied these coatings onto banana. Banana
kept in 22°C and 55% of relative humidity without any coating exhibit visible changes after 9
days. In the meantime on banana coated by three-layers’ coatings were not observed so many
changes, thus the lowest amendments could be observed on four-layer coated fruit. After 13
days the skin of uncoated banana was completely dark. Fruit coated by three-layers were
brightness, fruit with four coating layer reminded three layers coated fruit after 9 days. So,
multilayer coatings significantly are able to reduce physiological processes as respiration and
transpiration and the same inhibit the fruit aging. Moreover, the post-harvest loses can be
reduced. So, this kind of package, which has high gas barrier and optical transparency, may be
promising replacement for foils used for food packaging. Anyway, weak properties for water
vapour permeability are attributed to these systems. After lipid addition to their matrix this
disadvantage can be significantly reduced. Basiak et al. (2015a) added rapeseed oil to wheat
starch films. Water vapour permeability (in 75% of relative humidity) was reduced several
times, from 8.77 x 10'° gm's"'Pa’! to 3.55 x 10-10 gm's'Pa’! in the case of 5% starch films
(amount of starch powder in solution) and from 4.55 x 10'° gm's"'Pa’! to 0.25 x 101 gm'!s"
'Pa! in the case of 3% starch films. Moreover these polymers have excellent mechanical
properties, especially tensile strength and elongation at break (Tavassoli-Kafrani,
Shekarchizadeh and Masoudpour-Behabadi, 2016). Most of polysaccharide materials is

transparent, enhance, they can be easily coloured and printed (Guerrero et al., 2013).
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Polysaccharide materials have particular application in fruits and vegetables industry. In
couple works was confirmed positively influence of coatings on transpiration and respiration
resistances and other parameters as firmness, colour, pH, sugar/acid ratio, even on antioxidant
and antimicrobial properties. Arancibia et al. (2014) produced polysaccharide films (made
from agar and alginate) with cinnamon essential oil as bi-layer packaging and they used them
for microbial growth inhibition in chilled shrimps. The agar and alginate combination allowed
reducing meaningly the quantity of microorganisms as pathogenic bacteria Listeria
monocytogenes, in peeled shrimps during the chilled storage. Besides, bi-layer films have
strong antioxidant properties and they are able to prolong the shelf-life of food products.
However, any negative impact on the organoleptic properties was observed. The other
antimicrobial effect was indicated in the work of Maftoonazad et al. (2007). Emulsions made
from pectin and coated onto avocado fruit inhibited growing of Lasiodiplodia theobromae.
Additional boundary layer caused decreasing of physical and physiological changes as colour
and texture (caused by the ageing of the fruit). Tavassoli-Kafrani et al. (2016) noted the

carrageenan and alginate biomaterials have good mechanical and barrier properties.

However caseins, collagen, corn zein, egg white protein, gelatin, keratin, myofibrillar protein,
quinoa protein, soy protein, wheat gluten, whey protein are common as protein structural
materials. Films produced from proteins are flexible, usually transparent with superb aroma-,
oxygen-, and oil-barrier properties at low relative humidity (Janjarasskul and Krochta, 2010).
Thus to keep good barrier properties in high relative humidity addition of the second film-
forming substance, as fat for instance, to protein system is necessary. Janjarasskul et al.
(2010) added candelilla wax to whey protein matrix and observed the potential to reduce the
water vapour permeability and oxygen permeability. Authors also admitted the making
technique plays significant role. Comparing to extruded sheets the solution cast matrix were
more effective barriers against water vapour transmission. Moreover the extruded sheets
subsequently compressed to biofilms, at all incorporated candelilla wax. Besides,
incorporation of agar to soy protein isolate matrix produces changes on the surface, such as
the orientation of the polar groups and hydrogen bonding interactions between polysaccharide
and protein isolate. Films obtained from agar and soy protein isolate have good functional
properties due to the formation of a compact and reinforced three dimensional network.

Lipids as animal and plant waxes (beeswax, candellila wax, carnauba wax, shellac, sugar cane
wax), fatty acids (oleic acid, stearic acid), vegetable oils (corn oil, mineral oil, nut oil, olive

oil, rapeseed oil, sunflower oil) are usually used as a monolayer or one of the layers in
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coatings. Actually, already in twelve century in China was recorded using lipids in oranges
and lemons for preventing moisture loss (Allen et al., 1963). Liquid lipids can not be used as
self-standing films. Separately they do not form films, but with other film-forming material
(as a layer or as emulsions ‘component) they prove sorption properties.

Polyols as glycerol, sorbitol, monoglycerides, oligosaccharides, polyethylene glycol, glucose,
water, lipids are commonly used plasticizers. They are added to film-forming solution for
facilitate processing and/or to increase films flexibility and elasticity (Cerqueira et al., 2012).
Jost and Langowski (2015) tested several plasticizers as glycerol, propylene glycol, triethyl
citrate, polyethylene glycol castor oil and epoxidised soybean oil in content 5-20 wt.%. They
noted when the amount of plasticizer increasing crystallinity increasing too, melting
temperature decreasing, Young’s Modulus decreasing as well, and tensile strength and
elongation at break increasing. Thus the oxygen and water vapour permeability is grown up
with growing plasticizers content but to a different extent. Similar conclusion suggested
Hanani et al. (2013) who measured effect of plasticizer content on the functional properties of
extruded gelatin-based composite films. Moreover, authors admitted the solubility in water
increases with increasing glycerol content. As well, amount of plasticizer influences on

barrier properties.

Page 77 / 306



Page 78 / 306
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Chapter 2: MATERIALS AND METHODS

2.1. Materials

Wheat (25% of amylose), corn (27% of amylose) and potato (20% of amylose) starches were
supplied by Hortimex (Konin, Poland), whey protein isolate (WPI, ~90% protein) BiPRO was
obtained from Davisco Foods International Inc. (Le Sueur, MN., USA), rapeseed oils from
Bouton d’Or (Tourcoing, France) and Kruszwica (Kujawski, Poland), anhydrous glycerol
(99.9% of purity) from Sigma-Aldrich (Germany) and Chempur (Poland) and ten saturated
salt solutions (all Prolabo, Fontenay-sous-Bois, France) were used for fixing a wide range of
relative humidities (RH) at 25°C: calcium chloride (~3% RH), lithium chloride (11%),
potassium acetate (22%), magnesium chloride (33%), potassium carbonate (43%), magnesium
nitrate (53%), sodium nitrite (65%), sodium chloride (75%), ammonium sulphate (81%) and
ammonium dihydrogenophosphate (93%). Four ethyl esters (Aldrich Chemical Company and
Saint-Quentin Fallavier, France) have been chosen as model of aroma compounds (Fenaroli,
1975) and allowing studying a wide range of volatility and solubility. Ethyl acetate (99.5%
purity), ethyl butyrate (99%), ethyl hexanoate (98%), ethyl octanoate (98% ), all from Aldrich
Chemical Company (Saint-Quentin Fallavier, France) have been selected. N-hexane (98%
purity, Sigma-Aldrich, Germany) was used as solvent for the ethyl ester extraction from films

after sorption.

The physicochemical characteristics of the volatile compounds are given in table 2.1. Log P is
the mass partition coefficient of the aroma compound between water and octanol. It represents
the polarity/hydrophobicity of the aroma compound. When log P is higher than 2, it is
considered as hydrophobic. Then, ethyl acetate and ethyl butyrate can be considered as
hydrophilic compounds, whereas ethyl hexanoate and ethyl octanoate have hydrophobic

characters.
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Table 2.1 Physico-chemical characteristics of aroma compounds used in this study.

Aroma compound Chemical structure Log P at 25°C  Molecular weight Vapour pressure

Solubility in water at 20°C

(Da) at 25°C (g/mL)
formula (mmHg)
Byl acetate 1 0.71 88.11 111.7+0.1 8.3/100
. . .1=x0. .
C4Hs02 )\0/\
Ethyl butyrate i 1.77 116.16 13.9+0.2 Soluble in 150
. . 9=0. oluble 1n arts
CsH1202 /\)Lo/\ P
Ethyl hexanate 0
/\OJ\/\/\ 2.83 144.21 1.7+0.3 Insoluble
CsHi602
Ethyl octanoate 0
Insoluble

O PN NN 3.90 172.26 0.2+0.4
1012002
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2.2. Film preparation
2.2.1. Preliminary experiments

3 varieties of starch were chosen: corn, potato and starch. Film-forming solutions were
formulated with 2, 2.5, 3, 3.5, 5, 6, 7, 8 and 10 % content of starch in solutions. The same
preliminary tests were done for whey protein isolate. Film forming solutions were prepared
with the same concentration of proteins as for starch. 3 and 5% solutions were chosen in case
of starch and 5% in case of whey proteins. In the next step plasticizer content was selected.
Films with 0, 10, 20, 30, 40, 50, 60, 70 and 80 % of glycerol (based on the weight of film-

forming powder) were made.

2.2.2. Starches films preparation

Film-forming suspensions of wheat, corn and potato starches were prepared by gelatinisation
of 5 g of wheat, corn and potato starch powders in 100 mL distilled water (each separately).
The suspensions were heated in a water bath at 85°C for 30 minutes under a 700 rpm stirring
to obtain complete gelatinization of starch. Then, film-forming suspensions were cooled down
to 40°C. The concentration of plasticizer was chosen based according to preliminary
experiment, so the plasticizer was added at a weight ratio of 0.3:1 glycerol : starch under
stirring at 150 rpm. A defined volume of film-forming suspension was poured into a Petri dish
to obtain a constant film thickness whatever the composition. Films were dried at 25°C and
30% relative humidity (RH) for 48 hours in a climatic chamber (KBF 240, Binder, Germany).
Dry films were peeled off and stored at 53+1% RH and 25+1°C in desiccators containing

saturated magnesium nitrate for at least 7 days prior to any testing.

2.2.3. Starch film with different glycerol content preparation

Wheat starch film-forming suspensions were prepared by gelatinisation of 5 g of wheat starch
powder in 100 mL distilled water. The suspensions were heated in a water bath at 85°C for 30
minutes under a 700 rpm stirring to obtain complete gelatinization of starch. Then, film-
forming suspensions were cooled down to 40°C. The plasticizer was added at a weight ratio of
0.5:1 and 0.3:1 glycerol: starch it is 33% and 25% weight/ total dry matter respectively, under

stirring at 150 rpm. The concentration of plasticizer was chosen based according to
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preliminary experiment, i.e., minimum concentration of 30% (weight/ total starch weight) is
required in aim the film is ductile and does not brittle and maximum 50% because for higher
glycerol content, the films become soggy and white (over-plasticized). A defined volume of
film-forming suspension was poured into a Petri dish to obtain a constant film thickness
whatever the composition. Films were dried at 25°C and 30% relative humidity (RH) for 48
hours in a climatic chamber (KBF 240, Germany). Dry films were peeled off and stored at
53+1% RH and 25+1°C in desiccators containing saturated magnesium nitrate for at least 7
days prior to any testing. Films without glycerol were very brittle and cannot be analyzed in

this work because they broke during all the tests.

2.2.4. Starch-oil film preparation

Wheat starch film-forming suspensions were prepared by dispering of 3g or 5g of wheat
starch powder in 100 mL distilled water. The suspensions were heated in a water bath at 85°C
for 30 minutes under a 700 rpm stirring to obtain complete dispersion and gelatinization of
starch. Film-forming suspensions were cooled down to 40°C. Then the plasticizer was added
at a weight ratio of 0.5:1 glycerol:starch, i.e. 33% to the total dry weight. Some preliminary
trials have been done, using various content of glycerol. Thus, 50% (w/w d.m.) of plasticizer
contain was considered as the best compromise to get elastic, not breaking, colourless
materials. A fixed volume of film-forming suspension (30 mL) was poured into a Petri dish (¢
= 13.8 cm?). Then the dry matter per surface unit, and thus the final thickness varied
according the film-forming suspension composition. Films were dried in the same conditions
as non lipid films. After drying, a layer of rapeseed oil (3g) was deposited by brushing. The
layer of rapeseed oil was spread and kept in previous aforementioned conditions for 24 hours.
After this time, a third layer of the starch film-forming suspension was cast and dried for 48
hours in same conditions. Dry films were peeled off and stored at 53+1% RH and 25+1°C in

desiccators containing saturated magnesium nitrate for at least 7 days prior to testing.

Films were coded as 3S, 3L and 5S, 5L, respectively according their starch content in film
forming suspension (3 or 5g of starch in 100 mL of water) and oil layer addition (L) or not
(S). To summarize, the dry compositions of films: 3S and 5S have a 1:0.5 starch:glycerol
ratio, 3L has a 1:0.5:1 starch: glycerol : oil ratio and the 5L has a 1:0.5:0.6 starch:glycerol:oil

ratio.
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2.2.5. Starch film preparation with different amount of oil

Wheat starch film-forming suspensions were prepared by dispersing 5 g of wheat starch
powder (Hortimex, Poland) in 100 mL distilled water. The suspensions were heated in a water
bath at 85°C for 30 minutes under a 100 rpm stirring and shaking to obtain complete
dispersion andgelatinization of starch. Then film-forming suspensions were cooled down to
40°C. The glycerol was added (Chempur, Poland) at a weight ratio of 0.5:1 and 0.3:1
glycerol:starch. Then, rapeseed oil (Kujawski, Poland) at 0, 1, 2 and 3% (to 100g film-
forming suspension weight) was added. The mixtures were homogenized with an Ultra Turrax
homogenizer (T25 IKA, Germany) at 24 000 rpm for 2 minutes. Emulsions of fixed volume
were poured into a Petri dish and then dried at 25° C for 48 h. Dry films were peeled off and
stored at 53+1% RH and 25+1°C in desiccators containing saturated magnesium nitrate for at

least 7 days prior to any testing.

2.2.6. Starch-whey proteins film preparation

Film-forming aqueous suspensions were prepared by mixing by hand and then casting wheat
starch and whey protein isolate in the following proportions: 100-0%, 80-20%, 75-25%, 60-
40%, 50-50%, 40-60%, 25-75%, 20-80% and 0-100 %. Glycerol was used as a plasticizer at
50% w/w of biopolymer dry weight (i.e. 33% of total dry basis). It was optimal amount
because films of starch, whey protein and their mixtures, which containing less glycerol were
more brittle, broke and cracked. Films which contain more than 50% were sticky. Wheat
starch film-forming suspensions were prepared by dissolving of 5 g of wheat starch powder in
100 mL distilled water. Whey protein film-forming suspensions were also prepared by 100
mL dissolving of 5 g of WPI in distilled water. The suspensions were separately heated in a
water bath under a 700 rpm stirring at 85°C for 30 minutes to denature the whey protein and
to obtain complete gelatinization of starch. Then, film forming suspensions were cooled down
to 40°C. The plasticizer was added. 30mL of each film-forming suspension was poured onto a
Petri plate to obtain a constant film thickness of about 80 um. Films were dried at 25°C and
30% relative humidity (RH) for 48 hours. Dry films were peeled off and stored at 53+1% RH

and 25+1°C in desiccators containing saturated magnesium nitrate for 7 days prior to testing.
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2.3. Coatings preparation

Film-forming aqueous suspensions were prepared by mixing by blender (Bosch ErgoMixx,
Germany) wheat starch and whey protein isolate in the following proportions: 100-0% and
20-80%. Procedure of film-forming suspensions of starch-whey proteins is similar as for films
up to the casting step. Instead of casting on Petri dishes fruit were immersed in film-forming
suspension for 20 seconds, removed and dried 2 hours in room conditions on threads tied to

steams.

2.4. Plum preparation
Different varieties of European plums are available altogether only 8 weeks during the year. It

is not sufficient time to perform tests using thermographic camera for this experiment
(without earlier trials the needs time amounts is 12 weeks). For that two varieties of Japanese
plums were used: “Lady red” and “Angeleno” originally from South Africa, where plums are
harvested relatively unripe and ripen slowly whilst in transit for up to 42 days in the cold
chain to the European markets. After that both of them were provided from wholesale fruit
and vegetable market before the commercial ripening stage and transported immediately to
the laboratory. South Africa has a large sector of Japanese plum - 35 plum cultivars are
produced there, that is why it was not also possible to get plum of one variety (Louw and
Theron, 2012). Plums were kept in cooling room in temperature 5°C and ~35% of relative

humidity (RH).

For the second experiment 600 plum of Prunus domestica variety Jojo were harvested in
ripening time from 4 trees. Plums were picked up in Garden of Institute for Agricultural
Engineering Potsdam-Bornim ATB (Germany) and they were directly transported to
laboratory. Fruit were put in a storage chamber (3.5°C, 35% RH) and were kept there one day.
After that fruit were divided onto five parts: fresh, coated in starch solution, coated in starch-
whey protein solution (80/20), wrapped in starch films and wrapped in starch-whey protein
films (80/20). In each of groups were 120 plum (picture 2.1). Next these plums were put onto
plastic trays. So, onto each of trays were 6 plums. It means 20 trays with the same treated fruit
were prepared for 10 days of measurements. Every week 4 trays of each sort were taken out
from the cooling room. One part was used for measurements on the same day and the second
part was kept few days in room conditions (for getting the same conditions as are in grocery).

After that tests were done. Experiments were conducted 28 days.
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Picture 2.1 Coated and wrapped Prunus domestica L. cv. Jojo plums
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2.5 Composition of film-forming solution (100g) used for both coatings or film

making

Table 2.2 Film content per 100g of film-forming solution.

Corn Potato Whey
Wheat protein  Rapeseed
. starch starch i : Glycerol Water

Film code starch (S) isolate oil (O)

(CS) (PS) (2) (2)

(2) () (@) (WP) (2)
(2

3S 30G 3 1.5 97
5S 30G 5 1.5 95
5S 50G 5 2.5 95
5CS 30G 5 1.5 95
5PS 30G 5 1.5 95
80S 20WP 4 1 2.5 95
75S 25WP 3.75 1.25 2.5 95
60S 40WP 2.4 1.6 2.5 95
50S 50WP 2.5 2.5 2.5 95
40S 60WP 1.6 24 2.5 95
25S 75WP 1.25 3.75 2.5 95
20S 80WP 1 4 2.5 95
WP 5 2.5 95
3L 3 3 1.5 97
SL 5 5 2.5 95

The film codes are built on the basis on the following examples:
- 3S 30G means 3% starch in solution with 30% of glycerol (% to dry matter of starch)
-80S 20WP means 80% starch and 20% whey protein (% of dry weight of biopolymers)

- 3L means 3% starch based films containing oil as laminates.

2.6. Transport and solubility properties

2.6.1. Water content
The water content was measured by determination of the weight loss of the film after drying

at 105°C for 24 hours and is expressed as gram of water per gram of dry matter. All samples

were performed in triplicate.
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2.6.2. Swelling index

The swelling index was measured in aim to assess the impact of immersion in water on films.
Films’ samples were cut into 2x2 cm pieces and weighed. They were then immersed in
distilled water (25°C) for 2 minutes. Wet samples were wiped with filter paper to remove
excess liquid and weighed. The amount of adsorbed water was calculated in percentages. The
measurements were done in triplicate for each type of film from 5 films samples, and the

average was taken as the final result.

2.6.3. Solubility in water
The water solubility was determined according to Gontard et al. (1994) method. Films were

cut into 2x2 cm pieces dried at 105°C for 24 hours and weighted. Films were individually
placed in 50 mL beakers filled with 20 mL of distilled water, capped and stored at 25+1°C for
24 hours. Film pieces were then taken out and dried at 105°C for 24 hours to determine the
final weight of dry matter. These steps were repeated five times. Loss of total soluble matter

was calculated from the initial and final dry weight of films.

2.6.4. Moisture sorption isotherms
The sorption isotherm of films was determined at 25°C. Samples of films were cut into small

pieces (2x2 cm) and weighed to the nearest 0.0001 g into pre-weighed vials. Films were
stored up to equilibrium in desiccators, each containing a different saturated salt solution
which fixed the relative humidity (RH) at 25°C. A wide range of RH was selected: calcium
chloride (~3%), lithium chloride (11%), potassium acetate (22%), magnesium chloride (33%),
potassium carbonate (43%), magnesium nitrate (53%), sodium nitrite (65%), sodium chloride
(75%), ammonium sulphate (81%) and ammonium dihydrogenphosphate (93% RH). Film
samples were weighted periodically up to equilibrium reached. Water content was checked up
to 9 months. The final (equilibrium) water content was checked by drying the films at 105°C
for 24h. The amount of water absorbed is expressed as gram of water per gram of dry matter.
Measurements were done in triplicate for each film recipe.
Sorption isotherms of water vapour were fitted with the Guggenheim-Anderson-deBoer GAB
model (equation 1), for water activities up to 0.85:

3 m,-C-K-a,

(-Kk-a,)(1-K-a,+C-K-a,) 0
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where: m is the water content at equilibrium, "o is the water of water related to the
monolayer, aw is the water activity of the sample, C and K are constants related to the sorption
enthalpy of the first and of subsequent layers, respectively. The GAB model was fit to
experimental values using the Table-Curve 5.1 software (Sigmaplot, United States of

America).

2.6.5. Diffusivity of water
From the kinetics of water sorption, the diffusivity of water in films was calculated according

the Crank’s solution of the 2" Fick law. Indeed, the diffusivity was obtained from the
kinetics, assuming the following hypothesis. When the apparent diffusivity Dapp is constant
and independent of the concentration and time, the transfer rate through a sheet of thickness e
(m) immersed in an atmosphere of infinite volume with a constant concentration of diffusing
substance (Ceq, kg m™) and with an infinite mass convection coefficient can be expressed by

eq. (2) (Dury-Brun et al., 2008)

&g g5

Taking into account the following initial and boundary conditions for sorption experiment

(egs. (3)-(5), eq. (6) were obtained by integrating eq. (2) for a sheet of e thickness) (Crank,
1975)

Att=0,Co=0=for0>x>e¢; 3)
Att>0, Ci=Cmax forx =g; (4)
And at t=00, Coo = Crax, for0 >x>¢

ac A

==0x=0;t>0 ()
e My . e g _dndFn®

Cme Mmoo E"='}(2nl}1ﬁ-m 2% ]}1] ©)

where: t is the time (s), Mt the amount of water vapour sorbed by the sheet at time t, and M,
the maximum amount of water sorbet at equilibrium (theoretical infinite time), Co the initial
concentration at zero time, Ct,the concentration at time t, Cmax, the maximum concentration of
sorbed vapour at infinite time also noticed C». Water apparent diffusivity within the films was
estimated by fitting eq. (5) to the experimental release kinetic data using the NLIN procedure

of SAS after a pre-estimation of D using Excel. The equation was fit withn = 5.
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2.6.6. Water vapour sorption kinetic
Measurement of water vapour sorption kinetics was conducted in at least three repetitions for

each type of film under conditions of constant temperature of 25°C and relative humidity of
75.3%. The samples (2x2 cm) were removed from the desiccator and weighed periodically for
158 hours (until the samples reached a constant mass). The experimental absorbed moisture
content values were averaged and fitted by a mathematical exponential equation (Kowalska et
al., 2006) as follows:

u=h+g(l—exp™) ™

where: u — water content (g water g d.m."), h, g, j - constant parameters of equation, t — time

(h).

The adequacy of the fitted exponential equation was evaluated by the determination

coefficient (R?) and mean relative error (MRE) using the following equations:

_ z; (up _;@)2
2w —ue)’ (8)

R2

ue—up|

100
MRE = ; -Z‘ " ‘

)

where: n - number of observations; up - predicted water content (g water g d.m."); Ue-

average water content (g water g d.m.™); u. - experimental water content (g water g d.m.™).

2.6.7. Aroma compound sorption

Ethyl acetate (99.5% purity), ethyl butyrate (99%), ethyl hexanoate (98%), ethyl octanoate
(98%) have been selected to mimic fruit flavour compounds. In order to assess the aroma
compound retention by the films or their affinity for the aroma compounds, films were
exposed to atmospheres being saturated with the vapour of the aroma compounds. Pieces of
dry film were placed in a glass vials along with respected aroma compound. All vials were
put in sealed jar containing pure aroma compounds. The jars containing vials of films and the
aroma were kept for a minimum of 3 weeks at 25°C. After equilibrium was reached, n-hexane
was added in vials for extraction and stored for 24 hours at room temperature at a ratio of 500
mg of film in 4 mL solvent. The yield of extraction was previously set up in the lab (41) and

ranged between 95-97% (Descours et al., 2013). The volatile flavour compounds were
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quantified by injection of the n-hexane extract into a gas chromatograph. The amount of

aroma extracted from the films was calculated from an external calibration curve.

The chromatography analyses was done using a Shimadzu GC 2014 gas chromatograph,
equipped with a flame ionization detector (GC-FID) and 30 m length DB-Wax column (J&W)
with 0.53 mm i.d. and 1.0 um film thickness and nitrogen as carrier gas (60 kPa). Hydrogen
and air were used as ignition gases. The oven temperature program was set at 210°C,
isothermal. The injector and detector temperatures were at 240°C, isotherm. For each sample

minimum three repetitions have been done.

2.7. Structure and optic characterizations

2.7.1. Electron microscopy observations

Film microstructure was observed using an environmental scanning electron microscope
(ESEM, Philips XL 30 ESEM, Japan). A 0.5 x 1.0 cm film was fixed on the support using
double side adhesive, at an angle of 90° to the surface which allowed observation of the cross-
section of the film. All the film samples were cut with a new razor blade to prevent as much
as possible any morphological damage. Films were focused up to x15000, and magnifications
ranging from x800 to x8000 where selected, with an intensity of 8kV and absolute pressure of
230 Pa in presence of water (RH~30% at 5°C). No special preparation such as palladium or

gold coating was necessary for ESEM observations.

2.7.2. Polarizing microscopy observations

Film microstructure was observed using the polarizing microscope (Olympus BX51, Japan)
and additional light 1146 (light-x-cite, series 120Q Exfo). Uncoated plum skin, skin of plum
directly coated and skin of plum coated and dried were cut with a new razor blade to prevent
as much as possible any morphological damage in 0.5x0.5 cm and placed on a slide. Samples
were focused up to x15000, and magnifications ranging from x100 to x4000 where selected,
with an intensity of 8kV and absolute pressure of 230 Pa in presence of water (RH~30% at
5°C). No special preparation such as palladium or gold coating was necessary for microscopic

observations.
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2.7.3. Light microscopy observations

Film structure was observed using the light microscope (Vision Engineering DX21, United
Kingdom) with coupled camera (Nikon Coolpix 990, Japan). Uncoated plum skin, skin of
plum directly coated and skin of plum coated and dried were focused up to x400, and
magnifications ranging from x10 to x40 were selected. No special preparation was necessary

for microscopic observations.

2.7.4. Thermographic camera observations

2.7.4.1. Temperature measurements

One raw plum was placed in a special thin basket made from wire. The tip of wire was
fastened to the balance type CPA 224S-OCE (Sartorius, Germany). Thermographic camera
supported 3D scan system ScanBook (Scanbull, Germany) was switched on. Pictures were
taken every 2 minutes (100 pictures). After 3 hours and 20 minutes camera took photographs
every 40 minutes (20 pictures). Temperature and relative humidity were measured every 2
seconds by logger type Almemo 2290-8 (Ahlborn Mel3, Germany) connected with sensor type
Almemo Heyco (Ahlborn Mef3, Germany). The next day, at the same hour when the first
picture was taken plum was dipped for 60 seconds in film forming solution and directly
handled on the previous place. Camera, logger and sensor were turned on with the same
settings as the first day. The third and fourth day plum was dipped for 60 seconds in film-
forming solution and again directly handled on the same place, exactly the same as of the

second and the third time, respectively.

2.7.4.2. Transpiration model for uncoated and coated fruit

This model is dedicated for calculating mass loss and surface temperature of food product
items. It bases on only simple to measure parameters of environment (air temperature, relative
air humidity, barometric pressure) and food product (mass loss, surface temperature). The
core of the model is Fick's law of diffusion in terms of resistances, where water (water
vapour) moves from locations with high concentrations to others with lower concentrations
depending on involved resistances along the water vapour pathway. According the equations
(10) and (11) the transpiration rate (TR) is equal to the ratio of differences in concentration to

the sum of resistances:

TR = (xP-xL)/(rB+rT) (10)
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TR = (xP-xL)/(tB+rT+rC) (11)

where: TR ( mg cm™h™") is the area normalized transpiration rate, xP (mg m) is the volume
normalized water content of air in the intercellular spaces in the centre of the fruit, xL (mg m
3) is the volumic water content of the air unaffected by the product, rB (s cm™) is the
boundary layer resistance in the water vapour pathway, T (s cm™) is the tissue resistance in
the water vapour pathway, rC (s cm™) is the resistance of the coating in the water vapour

pathway.

It is common to use the partial difference of water vapour pressure instead of the volume
related water content difference. By simple conversion, it can also be demonstrated how water
potential difference can be used as a driving force for the transpiration in order to explain
events occurring in the food product itself and on the border between the fruit and its

environment. Analogous to equation (10), equation (12) is valid:

TR = (xPS-xL)/rB (12)
where: xPS (mg m™) is the volumic water content of the air at the product surface.

The area normalized transpiration rate can also be determined by equation:

TR = (FM1-FM2)/(A * t) (13)

where: FM1 (mg) is the fresh matter before climatic treatment weighing by means of sensitive
balance, FM2 (mg) is the fresh matter after climatic treatment weighing by means of sensitive
balance, A (cm?) is the fruit surface approximation equation, t (h) is duration of climatic

treatment. All parameters were measured.

The boundary layer resistance (rB) for the water vapour diffusion between product and its
environment under natural convection is only dependent on dimension, shape and surface
structure of the product (and known temperature dependent on air properties). It can be
determined from preliminary experiments if equations (10) and (12) are equated and the

boundary layer resistance is solved for:
B = ((xPS-xL) *A*t))/(FM1-FM2) (14)

variants for the determination of the boundary layer resistance exist:
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wetted surface, eq.(10) with rT = 0 (no water comes out direct from inside of the

product)
water and product must be in thermal equilibrium at the starting point (xPS = £ (T))

drying up of the wetted surface can be observed from weight loss curve (characteristic

edge)

under normal room conditions and unrestricted free convection the surface is

completely dried in around 12 minutes for coatings it needs longer time

forced air, with velocity > 2ms™!, eq. (10) with rB = 0 (surface is in direct contact with

ambient air)
direct determination of rT under forced convection

B (free convection) is calculated from the difference of rLges (sum of resistance from

layers) under free and forced convection.

[1] Environmental conditions
[1.1] Air temperature TL (in sufficient distance to the food product)

- measuring value (recorded over time in relatively short time intervals (some minutes, some

hours)
- air temperature can change during the experiment
[1.2] Relative humidity RH (in sufficient distance to the food product)

- measuring value (recorded over time in relatively short time intervals (some minutes, some

hours)
- relative humidity can change during the experiment

- alternatively air humidity measuring values from other measuring principles (psychrometer,

dew point meter)
[1.3] Barometric pressure, p (bar)

- measuring value (recorded over time (some minutes, some hours))
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- barometric pressure can change during the experiment

- if not measured a good approximation is 100 kPa

[1.4] Boundary layer resistance, rB

- characterises the flow conditions against and around the food product

- depends on main dimensions, shape, surface structure (and properties of the air)
- normally determined in preliminary (short) experiments (some minutes)

- constant during the operational time

[2] Food product properties
[2.1] Initial fresh matter, FMO
[2.2] Surface area, A

- normally an approximation equation, A = f(FMO0), sometimes combined with main

dimensions

- for some food product items an approximation exclusively from main dimensions (as sphere

or cylinder) is common
[2.3] Food product (surface) temperature, TP (TPS)

- initially food product and environment should be at equilibrium

Model psychrometric calculations:

- for both outside air (in sufficient distance to the food product surface) and air in

intercellular spaces of the food product

- assumption is that inside air (in intercellular spaces) is saturated, valid as long as the

food product is visible fresh
- ambient air is measured (temperature, relative humidity, barometric pressure)
- partial pressure of water vapour at saturation depending on temperature
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- partial pressure of water vapour
- absolute air humidity related to mass
- density of wet air

- absolute air humidity related to volume

difference in absolute air humidity (related to volume) between outside air and air in

intercellular spaces.

Calculation of the transpiration rate:
Calculation of the transpiration rate according to eq. (10)

determination of mass loss per unit time

Overall model output parameters:

[1] Weight loss per unit time

- it is assumed that the whole weight loss is caused by water loss

- weight loss due to respiration is neglected as long as operational time is not too long
[2] Food product surface temperature

- changing with time

- as mean value

[3] Food product surface relative humidity (plus partial pressure of water vapour, absolute

humidity, total water potential at food product surface)

- changing with time

- as mean value
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2.7.5. Fourier transform infrared with attenuated total reflection (FTIR-ATR)
The Fourier Transform Infrared spectra from each film were obtained using a spectrometer

(Brucker, IFS 28) using Attenuated Total Reflectance (ATR) using ZnSe crystal. All the
spectra had an average of 64 scans at a resolution of 4 cm™, from 650 to 4000 cm™ and
determined at 25°C on films equilibrated at 53% RH. This analysis aimed at determining the

modifications at the molecular scale at the surface induced by the glycerol addition.

2.8.Geometrical properties

2.8.1. Film thickness
Film thickness was measured with a PosiTector 6000 (DeFelsko, Ogdensburg, NY, USA)

digital micrometer to the nearest 1 um in 0-100 pm range and to the nearest Sum in the 100-
1000um. Prior to film thickness measurements, the electronic gauge was calibrated at 74 and
139 um using standards to be close to thicknesses of samples. Thickness of each film was
measured in five places, one in the centre part of the film and four around its perimeter, and
an average value was used in the calculations. At least 10 replications of each formulation

have been made.

2.8.2. Coating thickness

Changing of coating thickness (when not all amount of water evaporates) and constant

thickness (after water evaporation) were assessed according to the following equations:

A = 0.809*MF + 19.405 (15)

Me = MCF — MF (16)

Mw = Me - 0.05 * Me (17)

W% = = (18)
_ WA 100=V¥eg

P=Tgg PV (T ¥ W (19)

M

Ve=(72)/p (20)
_ lw

u=——*Me (21)

Ve
e =1000%(0)*10 (22)
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where: where: V — volume of film-forming suspension (cm?), Am - mass of film forming
suspension (g), p — density of film-forming suspension (g cm™), e — mean thickness of coating
layer onto a fruit (cm), FM — fruit mass (g), A — fruit surface area (cm?), Me — mass of the
coating material (g), MCF — mass of coated plum (g), Mw — mass of water inside coating (g),
W% - relative water content (%),Vc — volume of the coating onto fruit surface (cm?), u —
water content (gdry mass/@water). The relevant mass of film forming suspension Am was
determined from the weight variation of plums after coating process (dipping).The relevant
mass of film forming suspension Am was determined from the weight variation of plums after

coating process (dipping).

2.9. Surface properties

2.9.1. Contact angle determination

Contact angle () is the angle described as a relationship between the surface tensions
between the three phases: liquid phase L, solid phase S, or vapour phase V according Young
equation (Young, 1805).

The contact angle was measured with sessile drop method: a droplet (about 1.5 pL) of a test
liquid was placed on a horizontal film surface. Measurements were done using a DGD-DX
goniometer equipped with the DIGIDROP image analysis software (GBX, Romans-sur-Isere,
France), according to Karbowiak, Debeaufort and Voilley (2006) methodology. The contact
angle was measured on both sides of the drop and averaged. The contact angle and drop
volume measurements were carried out over 120 seconds. The effect of evaporation was
assessed on an aluminum foil considered as an impermeable reference surface and subtracted
from sample. Then the rate of evaporation was considered in the study of the kinetic of
wetting and absorption. Measurements for all samples were done on the side of the films
exposed to air during drying in aim to prevent the support (Petri dish) effect. Measurements

were done in minimum 10 replications on each film recipe.

2.9.2. Films critical surface tension

The surface tension of the liquid tested (yL) was measured by the sessile drop method and
Laplace-Young approximation (Song & Springer, 1996a,b). The estimation of the critical

surface tension (yc) of the starch-based films was obtained from the Zisman method (Zisman,
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1964) as used by Basiak, Lenart and Debeaufort (2015b). The critical surface tension (yc)
value of film is obtained from the extrapolation the linear regression of the cos 0 of various
liquids according their surface tension (yL). Extrapolation at cos 6 = 1 yields the value of the
critical surface tension of the film. Cyclopentanol, diiodomethane, ethylene glycol, glycol,
methyl benzoate, n-octane, polyethylene glycol, tetradecane, water and 1-bromonaphtalane
were selected as the liquids for which the surface tension properties, dispersive and polar
components are known and which are also used for determination of the surface tension and

its components. Ten repetitions at least were done on each film formulation.

2.9.3. Surface tension

The surface tension (ys) and its dispersive (y%) and polar (yg ) components were calculated by
the Owens-Wendt method (Owens and Wendt, 1969). Equations (23) and (24) show this
method:

vs=¥; +¥8 (23)

#r . [oo

y=(1+cos ) =2 ( b+ [vBD) (24)
In eq. (23) appears two unknown yE and ¥3, so it is insufficient to determine the ys of a
polymer. Thus, the contact angle has to be measured using at least two liquids, knowing their

respective surface tensions and their dispersive (y¥) and polar (¥ ) components. That yields

to the two equations in the form of eq. (24). Water and diiodomethane were used for the
determination of surface tensions components. Measurements were performed at least 10

times.

2.9.4. Adhesion, cohesion, spreading coefficient

Work of adhesion (per unit area, Wa), work of cohesion (per unit area, W¢) and spreading
coefficient (for a liquid over a solid, Ws) were calculated using Dupre (1869) equations on the

basis of water and diiodomethane:

[ -
Wa =W+ W o2( vivd +.vird) yi= {1 + cos8) (25)
We =2 ¥y (26)
Ws = Wa— We = ¥av - Frv- Fis (27)
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2.10. Barrier properties

2.10.1. Water vapour permeability (WVP)

Water vapour permeability of films was measured gravimetrically according to Debeaufort et
al. (1993) who adapted the ASTM E96-80 (1980) standard method to hydrophilic edible films
and coatings. Film samples were placed between two rubber rings on the top of glass cells
containing silica gel, sodium chloride or distilled water allowing obtaining internal relative
humidity (RH) of the permeation cells at ~3%, 75 %, and 100%, respectively. The permeation
cells were then placed in a climatic ventilated chamber (KBF 240, Binder, Germany)
maintained at a RH of 30% and temperature of 25°C and the weight was recorded daily for at
least 10 days. Water vapour permeability was calculated using the following equation:

Am-e

WVP=——

where: Am/At - weight of moisture loss per unit of time (g s™), A - film area exposed to
moisture transfer (8.04 107* m?), e - film thickness (m), Ap - water vapour pressure
differential between the two sides of the film (Pa). Measurements were performed at least

three times for each RH differential tested.

2.10.2. Oxygen permeability (OP)

Oxygen permeability was measured using the manometric method according the ISO 15105-1
standard using the Briigger equipment, Type GDP-C (Briigger Feinmechanik GmBH,
Germany). The tests chambers of the permeation cell were first degassed under vacuum, then
the upper side was swept by an humidified oxygen flow at a rate of about 80 mL min™' at
atmospheric pressure. The increase in pressure in the downside chamber during the test period
was assessed and displayed by an external computer. Data were recorded and permeance was
calculated by GDP-C software (with temperature compensation). The sample temperature
(25°C) was adjusted using external thermostat (HAAKE F3 with Werbath K). The desired RH
was regulated in an external saturation system (53% and 75% RH), so humidified oxygen gas

circulated in the permeation cell.

2.11. Mechanical properties
Tensile strength (TS), elongation at break (E) and Young modulus (YM) of the films were
measured using a TA-XT2i Texture Analyser (Stable Microsystems, United Kingdom)

according to the ASTM D882-95 method (ASTM 1995). 10x2.5 cm specimens were cut by
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scissors. Self-tightening roller grips were used to perform tensile tests. The initial distance
between the grips and the initial velocity were adjusted to 50 mm and Imm s™'. Mechanical
properties were replicated 15 times at least and calculated using the average thickness of each

film sample.

Firmness of fruit was measured using texturometer TA.XT plus (Stable Microsystems, United
Kingdom) equipped with a special 4 mm tip for this study. Fruit flesh firmness was analysed
by means of puncture tests. Skin of plum was removed as thin as it was possible (with a new
sharp razor blade) and flesh was located on the texturometer table (diameter of flesh was
around 15-30mm). The penetration depth was Imm and the penetration speed rate was 2mm

s!. Measurements were done in 15" repetitions.

2.12. Colour parameters of films and coated plums

Colour of films was determined using a colorimeter (Minolta, Model CR-300, Japan) using
the CIE LAB colour parameters: L, from black (0) to white (100); a, from green (-) to red (+);
and b, from blue (-) to yellow (+) (Gennadios et al., 1996). Colour of films was expressed as
the total colour difference (AE), saturation index (Si) and colour chroma (Ccolour) according

to the following equations (Sobral, dos Santos and Garcia, 2005):

AE = [(L—L*)? +(a—a*)’+(b —b*)’ (29)

Coor =@ =a*)* + (b ~b%)’ 0

Si=./(a"+b 31)

where: L*, a*, b* and Ccolour are the colour parameters of a white standard support used as the

film background (L*=96.74, a*=0.09, b*=2.20).

6 replicates of the colour parameters of plum skin coated and not coated were determined on
each fruit samples (measured in 3 places of each fruit sample surface), using the Minolta

colorimeter CM-2600d model (Minolta Camera Co., Japan).
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Opacity was measured using spectofotomether UV/VIS Helios Gamma (Thermo Electron
Corporation, Germany). Films were cut into rectangles 1x4 cm?. The absorbance was
measured at visible light wavelength of 600 nm. 10 repetitions for each type of films were
done. The opacity was calculated according the equation (32) proposed by Han and Floros
(1997):

0 =2 (32)

where: O — opacity (A mm™) As00 — absorbation at wavelenght of 600 nm; e — thickness (m).

2.13. Thermo-gravimetric analysis (TGA)

Dried films were scanned using a thermogravimetric analyser (TGA-7, Perkin Elmer,
Norwalk, CT, USA) from 40 to 800°C at a rate of 10°C/min. Nitrogen was used as the purge
gas at a flow rate of 20 mL/min and also prevent oxidative degradation. Measurements were

done in 3 replications.

2.14. Physiological properties

2.14.1. Transpiration rate

Plums were storaged in 3.5°C in ~35 and 80% relative humidity. Fruit were taken out from
the cooling room and replaced to the other room with following conditions: temperature 22°C
and ~35% of RH. After temperature equilibria (fruit and environment), the transpiration rate
was measured. Plum were weighted on balance CPA 1003S (Sartorius, Germany), then
surface temperature was measured by microscanner D-series (Exergen, Germany) in 5 points.
Plum were placed on a mesh, logger Almemo 2290-8 (Ahlborn Mel}, Germany) with sensor
Almemo Heyco (Ahlborn Mef3, Germany) was switched on. After 1.5 hour logger with sensor
was switched off, weight and temperature were measured once again. Calculations were done
by using special software set up for this measurement. From the changes of plum weights
over time and expressed as weight variation (g) per initial weight (kg) and unit time (day), the

transpiration rate (TR) was calculated according to equations (33) and (34):

TR, = t—m—;"fj (33)
Topy
1000 % (Mi-M3
TR, = (34)
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where: TRs is the transpiration rate per unit surface area of the product in mg cm h™!' and TR
is the transpiration rate per unit of initial mass of the produce in g kg'' h™!, Mi is the initial

weight (g), M is the weight of plum (g) at time t (h) and A the surface area of the plum (cm?).

2.14.2. Respiration rate

After the transpiration test measurement the plums were weighted CPA 1003S (Sartorius,
Germany) and placed into respirator’s chambers at the same distance on the wire mesh.
Chambers were tightly closed and software for respiration (Atmung, Germany) was switched
on to monitor the gas composition in the chamber. After reaching the appropriate difference
in the gas levels chambers were opened and temperature and weight were measured once

again. Then, calculations were done by using special software set up for this measurement.

The rates of carbon dioxide production (Rco2) and oxygen consumption (Ro2) were
determinated by fitting experimental data of Yoz and Ycoz, according to the method used by

Caleb et al. (2012) (equations 35, 36):

Fgo

Y02 = ¥ho > ft—ti) 100 (35)
Ycor = ¥igy- Ef:" {t — 1) x 100 (36)

where ¥}, is the oxygen concentration (%) at initial time ti (h) and Yoz at time t (h), ¥, is the

COz2 concentration (%) at the initial time ti (h) and Yco: at time t (h), Ro2 and Rcoz are RR in
mL kg h'! and Mis the total weight of the product (kg). Vr is the empty volume inside the

chamber (mL). The volume occupied by the fruit was calculated from the fruit mass.

2.14.3. Mass loss

To characterise water losses in plum tissue mass changes in time were calculated. On the
beginning of experiment, before and after every measurement fruit were weighted on balance

CPA 1003S (Sartorius, Germany). Following equation was used:

vewight loza (96) — %‘E w100 (37)

where: Wi - initial weight (g); Ws - weight at sampling period (g).

Page 104 / 306



2.14.4. Titratable acidity and total soluble solid

Using garlic press equipment, the juice was squeezed from plums. Juice samples were
centrifuged and devided onto two parts. One part was used for the total soluble solid content
(TSS) determination. Using a digital refractometer, the TSS was measured and expressed as a
percentage (%) of dry content. The second part of juice was used for titratable acidity (TA)
measurement by automatic titrator (compact titrosampler rondo tower, Metter Toledo,
Switzerland) with 0.1 mol L' NaOH to an end-point of pH 8.2. Titratable acidity (TA) was
expressed as a gram of of citric acid per litre of plum juice (g L). TSS:TA ratio was

calculated and expressed as %. 3 replications of each sample were made.

2.15. Statistical analysis

Statistical analysis was performed with the program Statgraphics Plus, version 5.0
(Manugistics Corp., Rockville, MD, U.S.A.). The analysis of variance (ANOVA) and Fisher’s
LSD multiple comparisons were performed to detect significant differences in properties of

films. The significance level used was 0.001.
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SECTION THREE: RESULTS AND DISCUSSION
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Chapter 3: Starch source and plasticizer content (glycerol) to cover plums,
which constitute the end-product application of starch-based wrappings/coatings
in order to extend their shelf-life.

3.1. Role of starch nature on the physico-chemical properties of edible films
(Basiak E., Debeaufort F., Lenart A. (2016). Role of starch nature on the
physico-chemical properties of edible films. Submitted in Journal of Food
Science in January 2016).

3.1.1. Abstract and introduction

Food preservation is mostly related to packaging in oil-based plastics, inducing environmental
troubles but this drawback could be limited by the use of edible or biodegradable films and
coatings. Physical and chemical properties were assessed and display the role of the starch
nature (wheat, corn or potato) and thus that of the amylose/amylopectin ratio which influences
thickness, colour, moisture, wettability, thermal, surface and mechanical properties. Higher
amylose content in films induces higher moisture sensitivity, and thus affects the mechanical

and barrier properties.

The most suitable, abundant, renewable and low-cost material for producing edible coatings
based on biopolymers is starch (Ghanbarzadeh and others 2011; Al-Hassan and Norziah
2012). Due to this fact, there is a growing need of understanding the interactions between the
film structure, water molecules and other constituents used for edible film making. Starch is
very well known carbohydrate polymer growing in mostly all the tempered zones (Bergo and
others 2012). Corn, wheat, potato and rice take the world lead positions: 84%, 7%, 4and 1%
respectively. Tapioca, yam, oat, sweet potato, barley, rye, taro, millet, amaranth grain, quinoa,
favas, lentils, mung beans, peas, chickpeas, palms, chestnuts, acorns, arrowroot, arracacha,
bananas, breadfruit, buckwheat, canna, colacasia, katakuri, kudzu, malanga, oca, polynesian
arrowroot, sago, sorghum, water chestnuts are the other starch sources that could be envisaged
for such applications (Araujo-Farro and others 2010; Piyada and others 2013; Prakash Maran
and others 2013, Zavareze and others 2011). Amylose is a sparsely branched carbohydrate
mainly based on a(1-4) bonds with a molecular weight of 105 to 106. The number of

macromolecular configurations based on a(1-6) links is directly proportional to the amylose
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molecular weight (Phan and others, 2005). Amylopectin is a highly multiple-branched
polymer with a high-molecular weight of 107 to 109. Depending on botanical resource starch
granules vary in size from about 2 to 150 um, the amylose content from 0% to about 75%, but
typical is 20-25% (w/w) (Arvanitoyannis and Tserkezou 2009). The so-termed waxy starch
contains low or no amylose, whereas high-amylose starch contains more than 50% of the
linear polymer. Starches with various amylose: amylopectin ratio have different chemical,
physical and functional properties of edible films and coatings (Parker and Ring 2001; Xie
and others 2012). Palviainen and others (2001) described better mechanical and gas barrier
properties of starch with high amylose content such as from pea. Joshi and others (2013)
noticed that compared to corn and potato starches, lentil starch (30% of amylose) possesses
strong gel forming tendency at relatively low concentration. Whatever the botanical origin,
starch exhibits several disadvantages such as strong hydrophilic character (water sensitivity),
which make it unsatisfactory for some applications. The objective of this study was to
investigate microstructural, optical, mechanical, barrier and thermal properties of 3 types of
films made from corn, potato and wheat starch and containing 33% (to starch dry basis)
glycerol. Besides, the main goal of this work was to display the difference in amylose content

has significant influence on some properties.

3.1.2. Practical application

In case of fruit and vegetables, starch thin layers suit because they do not inhibit but they
retard the physiological processes (respiration and transpiration). The films made from potato
starch constitute a greater barrier for oxygen and water vapour. But their mechanical
properties are weaker than that of wheat and corn starch films. Starch species with high
amylose content have lower wettability properties, and better mechanical resistance, so they

could be used for products with higher water activity such as cheese, fruits and vegetables etc.

3.1.3. Microstructure, thickness and optical parameters

The environmental scanning electron microscopy (ESEM) of starch matrix gives relevant
information about the microstructure of the films. Depending on the nature of the components
and the interactions expanded in the film-forming solutions, the hydrocolloids arrange

themselves in different ways in the film matrices. That in turn, allows the data received for the
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mechanical, optical, barrier properties to be comprehended (Jiménez et al., 2012). Images of
corn, potato and wheat starch film microstructure are presented on figure 3.1. Cross section of
all starch films displays heterogeneities, looking like a network or fibres. However, according
to the very homogeneous and smooth aspect of the surface, there is no porosity. This
microstructure is maybe due to the incomplete dispersion/gelatinisation of starch granules
linked by the solubilized-gelatinized fraction of starch. Bonilla et al. (2013), Mali and
Grossmann (2002), Phan The and others (2009), Shi et al. (2013), Sun and others (2013) and
several other authors also displayed similar results for films based on various starch types
containing glycerol content from 10 to 50% to dry matter. As confirm by the cross-section
pictures, corn starch films are the thickest (112 pm). The thinnest and the less heterogeneous
films are those from potato starch (55um). Differences appeared from amylose/amylopectin
ratio, 27/73%, 25/75%, 20/80% for corn, wheat and potato starches, respectively. The less
amylose is the thinner and the less heterogeneous the films seem to be. In this study, the film
forming suspensions have always the same concentration for all type of starch and thus the
film forming composition cannot explain thickness variations. The retraction of the starch gel
during drying is favoured by the lower content of amylose. Amylopectin favour to obtain less

heterogeneous and denser films and thus thinner films.

Film microstructure and thickness affect optical properties of the films, which are greatly
influenced by the internal and surface heterogeneity of the matrix (Jiménez and others,
2013b). Wheat, corn and potato starch films are shinny and glossy at the support side (surface
in contact to the Petri dish during film drying) and dull from the air side (surface exposed to
air during drying) as also observed by Bonilla and others (2013). Depending on the starch
origin films present opacity for corn and wheat starches, but transparent for the potato starch.
The same results have been obtained by Gutiérrez and others (2014), Jiménez and others
(2012), Sun and others (2013), Zavareze and others (2010). According to Mali and others
(2004) colour parameters values are either dependent on the film thickness. The higher the
thickness the more opaque the films appear. That explains probably why potato starch films
exhibit transparency, whereas corn and starch films are more opalescent because they are

thicker.

Colour parameters display also differences. In the present study the lightness parameter are
very close to the white standard. Both a (redness) and b (blueness) parameters were similar
for the corn and potato starch films. However, the wheat starch surfaces had greenness a

parameter and yellowness b. Araujo-Farro and others (2010) reported the following values for
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quinoa starch systems were obtained: L=92.86, a=-0.87 and 5h=1.96, Muscat and others (2013)
for high amylose content starch films: £L=92.76, a =0.12 and b =1.40, Flores and others (2007)
for tapioca starch films: L=85.42, a=-1.08 and $=5.02, Li and others (2015) for pea starch
matrix: L=86.93, a=1.15 and 5=2.10 and Zavareze and others (2011) for native potato:
L=95.70, a=-5.14 and b=7.38. In general, the film optical values presented here have good
transparency. In any case the values of a and b parameters are of a magnitude that does not

interfere with the colour perception by consumer of coated food products with such type of

film.
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Figure 3.1 ESEM micrographs of the cross section and of the surface exposed to air
during drying of wheat starch-based films, of corn starch-based films and of potato starch-

based films (magnification x1000).
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3.1.4. Surface properties

The effectiveness of edible films depends primarily on the control of the wettability
properties, i.e. contact angle, surface energy, surface tension, works of adhesion and cohesion
(Souza and others, 2010). Contact angle measurements provide a quantitative way to
characterise the surface properties of starch films (He and others, 2013). Usually, contact
angle is used as an indicator of the degree of surface hydrophobicity or hydrophilicity (Su and
others, 2010). Time lapsed images made by goniometer show shape changes of the liquid
drops deposited onto the film surface as a function of time. Contact angle was determined at
equilibrium. Results for corn, potato and wheat starch matrix are presented in table 3.1. The
highest values of the water contact angle were obtained for wheat starch films. The contact
angle is higher than 90°, so the film surface has low wetting properties. It is noteworthy, the
values of contact angle of edible films for water are very similar to values of synthetic
polymers as polystyrene — 91°, nylon 6-6 — 70°, PTFE 88°, polycarbonate 70°, polyethylene
90° confirming the hydrophobicity. The contact angle for corn and potato starch films display
more hydrophilic surfaces, which the works of cohesion, adhesion and spreading confirm they
are more wettable. These data are in accordance with the study of He and others (2013) on

potato starch films and with that of Biatopiotrowicz (2003) for potato and corn starch films.
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Table 3.1 Water content at 53% RH, swelling index, film solubility in water, GAB equation parameters (Mo, C, K), colour parameters (L, a, b, AE),
surface tension (y; ) and its dispersive (¥¥) and polar (¥¥) components, critical surface tension (y- ), works of adhesion (Wa), work of cohesion
(Wc) and work of spreading (Ws), tensile strength (TS), Young modulus (YM), elongation at break (E), water vapour and oxygen permeabilities of
corn, potato and wheat starch films.

Starch films
wheat corn potato

Parameters

Thickness (um) 74.1 + 8.04 2 1122+ 11.69° 55.4+8.732
Water content (g water 2 dm) 0.445 + 0.060 0.367 +0.013° 0.316 +0.003 *
Swelling index (%) 38.99 +2.44° 34.66 + 1.34° 69.90 +4.41°
) Solubility in water (%) 30.16 +2.25° 4476 +0.31 ° 14.52 +0.81 2
Hydration ] < B a
properties Mo (g water g dm) 0.2015 + 0.0135b 0.1437 + 0.0311 0.0941 + 0.0042
GAB C 264.22 + 85.93 82.88 +37.81% 4125+2841°
parameters K 0.968 + 0.008 * 0.962 + 0.028 * 0.965 + 0.006
R? 0.988 0.774 0.995
L 95.87+0.51" 92.35+0.562 92.35+0.87 2
a -0.15+0.05® 0.92+0.09° 1.32+£0.14°
Colour parameters b 2.93+0.19° -1.95+0.29° -1.514+0.39°
AE 0.97+0.49% 6.13+£0.19° 5.72+0.33"
Owater (*) 103£14° 57+10° 75+7°
¥e (mN.m™) 56.22 2 64.94® 71.07 ¢
¥ (mN.m™") 38.01° 42.30° 42.95°
Surface properties Tf (mle) 18.21° 22.64 ° 28.12°¢
¥e (mN.m™) 36.0 * (R=0.87) 36.0 * (R=0.90) 36.0 ® (R=0.86)
Wa (mJ.m?) 118.52 128.7° 136.9 ¢
We (mJ.m?) 112.4 2 129.9° 142.1°¢
Ws (mJ.m?) -6.05° -1.18°2 -5.24°
TS (MPa) 3.29+0.79 2 3.72+0.81°? 26.26 +0.87°
Mechanical properties YM (Mpa) 0.12+0.05% 0.10+0.03 % 533+040°
E (%) 15.21 +5.88° 19.13 +4.53° 5.67 +1.26
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Barrier
properties

Water vapour
permeability

(10" g m's'Pa™)
Oxygen permeability
(10'14 cm’ m's'Pa’)

33-0% RH
75-30% RH
100-30% RH

53% RH

0.52 + 0.04°
6.05 + 0.62°
5.48 +0.36%

2.72 +0.68°

0.79 + 1.04¢
8.72 + 1.40¢
9.41 +1.20°

3.66 + 0.49°

0.01 £0.012
1.24 +0.34*
5.04 +0.79*

1.70 £ 0.20%

Values having the same letter for a parameter are not significantly different at p level < 0.05
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The critical surface tension (surface tension corresponding of zero energy for wetting) is the
same whatever the starch nature (about 36 mN/m). Variety of starch completely does not
influence on critical surface tension even when difference between polar and non-polar
components in different starch specimens is significant. Indeed, the table 3.1 displays that the
ratio between the polar and dispersive components of the surface tension increases from
wheat starch to potato. This means the polar component is the more influencing on the surface
tension of films. This suggest the higher the surface tension is, the more polar the surface film
is. Usually, synthetic polymers have much greater dispersive component related to polar
component whereas that obtained for starch films are only twice more dispersive (apolar). The
surface tension of solids for water is 2-5 times higher for biopolymers than for synthetic
materials (Subedi, 2011). It proves the biomaterials have more hydrophilic groups which

could connect with the hydrophilicity surfaces.

3.1.5. Hydration properties

Water solubility is a key parameter for biodegradable materials made for water sensitive
biopolymers. Potential applications of starch-based films may require water insolubility to
enhance product integrity and water resistance for biodegradable packaging materials.
However, the solubility in water or aqueous phases might be useful for coatings application or
food encapsulation (Shen and others, 2010). As displayed in table 3.1, solubility in water is
related to the amylose content. The higher the amylose content is, the greater the solubility
index is. These data are in agreement with Ghanbarzadeh and others (2011) and Sun (2013).
The solubility index is dependent on the starch origin and on the substitution groups if starch
is modified (Ghanbarzadeh and others, 2011; Lin and others, 2011). Zavareze and others
(2011) displayed a relationship between solubility and swelling parameters. Swelling
influences the solubility and vice-versa. Indeed, when the structre is more dense or crystalline,
the swelling is limited and thus the solubility delayed or reduced (Zavareze and others, 2011).
This hypothesis has confirmation in present work. Indeed, the water solubility is reported in
literature on the following level: 27.5% for cassava starch films (Chiumarelli and Hubinger,
2014), 20% for tapioca starch films (Kim and others, 2015), 38% for high amylose corn starch
films (Bertuzzi and others, 2007), 27.26% for acetylated corn starch (Lopez and others, 2008),
26.6% for sugarcane bagasse starch films (Slavutsky and Bertuzzi, 2014), 30% for wheat
starch films (Farahnaky and others, 2012), Mehyar and Han (2004) found film solubility in

water of 44.4% and 32.0% for rice and pea starch films, respectively. Table 3.1 shows a direct
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dependence of swelling index with the content of water as expected. As confirmed by the
surface properties, wheat is more hydrophilic and absorbed more water than two others.
Potato starch matrix had the lowest water concentration, the highest was observed for wheat

starch, and is consistent with Talja and others (2008) results.
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Figure 3.2 Moisture isotherm sorption of wheat starch (WS), corn starch (CS), potato

starch (PS) at 25°C (symbols are experimental values, lines are from GAB model fitting).

Figure 3.2 gives the moisture sorption isotherm of films made of wheat, corn or potato starch
at 25°C. All have the sigmoidal shape which is typical of dense and hydrophilic materials
corresponding to the type II of the IUPAC classification (Suzuki, 1993). The potato starch
films display the lowest affinity for moisture absorption. The GAB model fits well such
isotherms. Two major coefficients i.e. monolayer water content (Mo) and parameter related
with sorption enthalpy of the first layer (C) correlated with value of contact angle. The C
parameter influences the sigmoidal shape of the isotherms particularly at low water activity
range (Mali and others, 2005). The C values of starch films are high and there is no definite

pattern these values. This may indicate that the moisture absorption of all studied matrix
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could occur in the upper layers more readily than in the monolayer (Tongdeesoontorn and
others, 2009). Besides, sorption data corroborate the behaviour observed in contact angle of
water measurements. Indeed, the water contact angle is the highest for potato starch and
thereby Mo and C coefficients are the lowest. K parameter which is related with sorption
enthalpy of the subsequent layers does not show significant differences between the starch
sources. For all films the K value is close to 1 which confirms a predominancy of monolayer
absorption as described by the BET model. Muscat and others (2013) described a similar
dependence for high amylose starch surfaces. Furthermore, the GAB model provides a good
fit to the experimental data for all samples, especially for potato starch with R? values > 0.99.
Van den Berg (1984), McMinn and Magee (1999), Timmermann and others (2001) reported
the GAB model adequately represented the sorption isotherms of potato and wheat starch. The
values presented in this study for the GAB constants are in agreement also with the values
reported by the other authors (Basiak and others, 2015e; Muscat and others, 2013; Talja and
others, 2007; Viollaz and Rovedo, 1999).

3.1.6. Thermal and mechanical properties

To better understand the influence of starch origin on thermal properties, a thermogravimetry
analysis was carried on. Figure 3.3 presents the weight change according the temperature and

its derivative.
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Figure 3.3 Thermogravimetry analysis of wheat starch, corn starch and potato starch based

edible films equilibrated at 53% RH prior analysis.

The initial weight loss, starting at approximately 30°C for wheat starch films and 55°C for
corn and potato starch films, is attributed to water evaporation. The weight loss in the second
range of 120-270°C is related to a complex processes including the dehydration of the
saccharide rings, depolymerisation (Mathew and Dufrene, 2002), and glycerol evaporation
(boiling point = 182°C). The third zone ranging from 270 to 450°C corresponds to the
degradation of starch. The total mass lost at 800°C is approximately 90-94%. Data obtained

by de Silva and others (2012) for cassava starch confirmed the obtained results.

These results are also in agreement with the data reported by Piyada and others (2013) for rice
starch systems. From both our results and those from literature, starch nature does not

significantly influence the thermal properties (thermal resistance) of films.
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Mechanical properties were measured on films equilibrated at 53% RH and are given in table
3.1. For both: wheat, corn and potato starches used, the recipe remained the same. However
the final thickness as well as the water content of films varied and thus explain the difference
in mechanical properties. Table 3.1 displays that wheat starch is more deformable (E) and less
stiffness (TS and YM) than potato starch films. The higher thickness is related to the higher
viscosity of the film-forming suspension obtained for the corn starch (results are not showed
here; they are also confirmed in the literature). However, its water content is similar to that
obtained for the potato starch based films for which the tensile strength is the higher.
Mechanical resistance of film is thus more related to the thickness. The values obtained are
similar to those of the literature. To compare with other starch origin (wheat, sago, potato,
chickpea, banana), TS ranges from 2 to 10, YM from 5 to 106 MPa, and E from 14 to 45%
according the authors (Farahnaky and others, 2013; Al-Hassan and Norziah, 2012; Muscat
and others, 2012; Torres and others, 2011), but these values strongly depend on the plasticizer
content, thickness, water content and additives. The obtained data are however opposite to the
results got by several authors who displayed more mechanically resistant film for higher
amylose content. Indeed, the amylose/amylopectin content causes significant changes in
mechanical properties of starch plasticized films (Liu, 2005; Lourdin and others, 1995; Souza
and others, 2010; Torres and others, 2011; Xie and others, 2014). Structure difference in
amylose and amylopectine molecules induces different behaviours with regard to gelation,
crystallinity and film forming capacity (Mali and others, 2006). Amylose content significantly
favours TS and YM of films made from wheat, corn and potato starches (Chiumarelli and

Hubinger, 2014; Li and others 2008, Mali and others, 2005, Zobel, 1988).

3.1.7. Water vapour and oxygen permeabilities

One of the purposes of edible films is to control moisture transfer between the food and the
surrounding atmosphere. Therefore the water vapour permeability should often be as low as
possible (Flores and others, 2007; Martins and others, 2012). As reported Alves and others
(2007), Pushpadass and others (2008), Soliman and Fortuna (2014) and Souza and others
(2010) water vapour permeability of edible films depends on several factors, such as the
integrity of the film, the thickness, the glycerol content, the hydrophilic-hydrophobic ratio, the
crystalline fraction, the polymeric chain mobility, and thus depends on the starch origin. Table
3.1 presents water vapour permeability measured at three relative humidity gradients: 33-0%,

75-100%, 100-30%. The potato starch films have the lowest permeability which is related to
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lower wettability and moisture absorption. It also corresponds to the lowest amylose content.
Jiménez and others (2012) and Muscat and others (2012) confirmed the starch components,
i.e. amylose and amylopectin have a significant influence on WVP. Moreover water vapour
permeability is related to solubility in water as well as surface wettability and moisture
absorption. Indeed, according to theory of transfers, permeability is directly dependent of both
kinetics (diffusivity, mobility) and thermodynamics (affinity, sorption, solubility, partition).
Increasing the RH gradient induces in all cases a rise of the WVP as expected but it occurs as
a higher RH for the potato film in accordance with its isotherm. This increase of permeability

with the RH was also demonstrated by Muscat and others (2012) for corn starch.

As observed for the WVP, the oxygen permeability is the lowest for the potato starch film
(table 3.1). The same interpretations could be suggested. Indeed, the lower amylose content,
lower moisture sorption (lower plasticization by water) can explain this data because potato
starch films have a twice lower thickness. Thirathumthavorn and Charoenrein (2007)
observed that tapioca starch films are excellent oxygen barriers at low to intermediate RH. At
high RH oxygen permeability increased, due to the hydrophilic nature of starch films and
plasticization by moisture. Liu (2005) confirms that gas permeability through starch films is
connected with solubility in water. Starch films with higher amylose content are better oxygen

barriers.

3.1.8. Conclusions

Amylose/ amylopectin ratio in starch films plays significant role on physical and chemical
properties. This ratio strongly influences the microstructure, thus the viscosity of the film-
forming suspension that affects the retraction of network during the film drying and then
the final thickness. The film colour and transparency depend on the thickness. Indeed,
potato starch films are transparency, while corn and wheat starch matrices are more
opaque. The amylose/amylopectin ratio also influences the hydration characteristic. The
lowest solubility in water, water vapour and oxygen permeabilities are observed for potato
starch corresponding to the lowest amylose content. Surface and mechanical properties are
also dependent. The lower the amylose content is, the greater are the barrier, surface

resistance to moisture and mechanical properties are.
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3.2. Influence of plasticizers (glycerol and water) on starch based films (Basiak
E., Debeaufort F., Lenart A. 2015. Glycerol and water contents affect the
structural and functional properties of starch-based edible films. Submitted in
Food Science and Technology International, November 2015).

3.2.1. Abstract and introduction

The quite not expensive, widely available starch is able to replace plastics from petrol of even
1/3 for making biodegradable films and containers. Moreover, starch could be envisaged as
edible coatings for food shelf life prolongation. Wheat starch films with two glycerol contents
were formulated to mimic coatings. Their structural and functional properties were
characterized. The transfer properties of starch films containing 33% of plasticizer such as the
diffusivity, the oxygen permeability, water vapour permeability at 2 different humidity
gradients, the polar component of the surface tension, the works of adhesion and cohesion,
and the moisture sorption have lower values than films containing 50% of glycerol. Glycerol
content does not play a significant role on colour or mechanical properties. This work shows
that glycerol can strongly affects the functional properties of starch based coatings and films.
One of the major drawbacks to used packaging from petrol is their environmental impact and
as well limited resources. One of the alternatives is the development of biodegradable films
and coatings made from natural bio-sourced polymers. With the constant availability and low
production costs, films made from starch could be an excellent solution of problem of
packages for many kinds of food-stuff such as fresh fruits, but also for cosmetics or
pharmaceuticals. Such packaging materials can be manufactured for minor investment (Garcia

etal., 2011).

Annually supply of starch is estimated to be billion tons in developed and developing
countries (Kaur et al., 2005; Mali et al., 2006). The first position of producing is occupied by
maize starch, on the second position ranks wheat starch and then is potato and rice starches.
The top place holds wheat starch in European production (Garcia et al., 2011). Its versatility
in using has low price and it is available. Besides the starch is widely used as a thickener,
texturizer, gelling agent, adhesive and moisture-retainer, it also has interesting film-forming
ability and processability (Liang and Ludescher, 2015). Starch can be converted into a
continuous polymeric entangled phase by mixing with enough water or plasticizer to increase

flexibility by reduction in intramolecular hydrogen bonding along polymer chains thereby
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increasing the intermolecular spacing (Janjarasskul and Krochta, 2010, Lawton and Fanta,
1994). The plasticizing system can also be constituted of two or more components (Krogars et
al., 2003). When several plasticizers (other than water) are presented in the system, strong
plasticizer-plasticizer or plasticizer-water interactions are observed. These interactions can be
cooperative and then enhance functional properties of biodegradable materials (Adhikari et
al., 2010). Tensile strengths of starch films without added plasticizers are high, but films are
brittle and exhibit little or any elongation (Talja et al., 2008). Thus, plasticizer is always
required. While water is the most commonly used and effective plasticizer for starch, many
other substances are used to plasticised this biopolymer. Generally there are hydrophilic, low
molecular weight polyols (glycerol, sorbitol, xylitol, polyethylene glycols, etc.), compounds
containing nitrogen (urea, ammonium derived chemicals, amines) and non-volatile acids such
as citric or lactic or tartaric (Xie et al., 2014). Polyols tend to adsorb water which depends on
their molecular weight and number of hydroxyl groups (Muscat et al., 2012). The most
common used is glycerol which is considered as totally non-toxic and is, then, well indicated
for use for the food industry (Pommet et al, 2003). It is compatible with amylose and could
interfere with amylose chain packing (Garcia, Martino and Zaritzky, 2000). Glycerol and
other water-compatible diluents have plasticising rather than antiplasticizing effects on the
mechanical properties of glassy composite systems; especially biopolymer based edible films
(Debeaufort and Voilley, 1997). In several studies it has been reported that glycerol can exert
various effects depending on its concentration. Heydari et al. (2013) studied wettability
properties on corn starch films. Glycerol content less than 10% causes the brittle of films;
content of plasticizer between 10-20% does not provide enough flexibility. The content of
glycerol depends on the targeted applications, for instance the minimum amount of glycerol in
order to acceptable mechanical resistance and heat sealability is 30% for sago starch films.
Abdorreza et al. (2011) reported that glycerol at a content below 30% could decrease the
ductility of sago starch films. When the amount of glycerol exceeded 50%, the plasticity
increased largely as well as the permeabilities. The higher the glycerol content is, the higher is

the ductility (Oll¢ Resaa et al., 2014), but lower the barrier and solubility efficacy.

Therefore, the objective of this work was to study the influence of plasticizer content on
physical, chemical and functional, properties of films made from wheat starch, related to

hydration behavior of the system, in aim to be used for fruit wrapping or coating.
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3.2.2. Hydration properties

The moisture sorption characteristic of the films is important for predicting the stability of the
films during storage, since the shelf life of the biodegradable packages in different storage
conditions is related to their moisture uptake. The water sorption isotherms of films prepared
with different plasticizer concentrations, i.e. 33 and 50% of glycerol, are shown in figure 3.4,

while the GAB parameters (Mo, C, K) and correlation coefficients (R?) are given in table 3.2.

water content (g /g dry matter)

Water activity

Figure 3.4 Moisture isotherm sorptions of starch containing either 33 or 50% (w/w) glycerol
in 5% starch solutions (g water/g d.m.) at 25°C. Symbols are experimental values and lines

values fitted by GAB model.
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Table 3.2 Water content, swelling index, film solubility in water, parameters of the GAB

equation (Mo, K, C), colour parameters (L, a, b, AE), surface tension (yg ), dispersive (y5) and

polar (y£) components of the surface tension, critical surface tension (y ), works of adhesion

(Wa), of cohesion (Wc) and of spreading (Ws), tensile strength (TS), Yong modulus (YM),

elongation at break (g), water vapour and oxygen permeabilities of wheat starch films

containing 33 or 50% glycerol.

Wheat starch films
Parameters 33% glycerol 50% glycerol
content content
Thickness (um) 64.1 + 8.04* 80.8 + 12.59?
Water content (g water 100 g7 4m) 3.44+0.50? 3.72 £ 0.50*
Swelling index (%) 3899 +2.44% 39.20+1.43¢
Solubility in water (%) 30.16 +£2.25% 3476 +2.18 2
Hydration
o Mo, (g water 100 g_l dm) 164+22% 19.8+1.6 b
characteristics
K 0.93+0.022 0.97+0.01°
GAB parameters
C 754 £310°2 105 10° £ 10162
R? 0.962 0.989
L 95.87+0.51°% 9548 £0.39*
a -0.15+£0.05° -0.24+£0.06 *
Colour parameters
b 293+0.19% 3.19+0.29°?
AE 0.97+0.49°? 1.46+043°?
¥s (mN/m) 56.22¢ 60.28 °
¥2 (mN/m) 38.01% 35.40*
rs (MN/m) 18.212 24.88 "
Surface characteristics Ye (mN/m) 36.0 * (R*=0.87) 36.0 * (R>=0.88)
Wa (mJ/m?) 118.5° 126.8 °
Wc (mJ/m?) 112.4% 120.5°
Ws (mJ/m?) -6.05° -6.24 2
TS (MPa) 3.29+0.79* 2.10+0.76*
Mechanical properties YM (Mpa) 0.12 £ 0.05% 0.10 £0.09*
E (%) 15.21 +£5.88? 18.08 £ 5.40°
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Water diffusivity

(10" m2s) at 75% RH 43+0.9° 7.0 £0.5°

e

Transfer Water vapour 33-0% RH 0.52 +£0.04% 0.92 + 0.06°

properties permeability 75-30% RH 6.05 £ 0.62° 8.77 £ 0.59¢
(10"? gm”'s'Pa™) 100-30% RH 5.48 + 0.36¢ 8.01+0.15¢
Oxygen permeability 337 RH 3.58 £2.72° 7.23 +1.00°
(10-" cm’m’'s'Pa’)  75%RH 430+0.77° 7.41+£1.39°

Values having the same letter for a parameter are not significantly different at p level <0.05

Below aw = 0.55, the water is strongly involved in the structural organisation of a biopolymer
network. Bound water is located in the immediate contact of the starch chains, has a reduced
activity. Interactions occurring between starch and glycerol may promote adsorption of
moisture as displayed on figure 3.4, due to changes of dimension in the area where the
adhesion between interfaces (glycerol-starch) is weak, thus creating a step that simplifies the
accumulation of water molecules (Wan et al., 2009). With the glycerol content increasing the

moisture absorption increases.

In the range of aw = 0.60-0.75 you are able to see the highest difference of water content
between films with 33 and 50% of glycerol. Figure 3.4 shows the effect of glycerol
incorporation to the starch matrix. Simultaneously, in experimental data the higher relative
humidity is the stronger influence of plasticiser is. According to higher water activity,
glycerol increases the water content in starch films matrix, however under these conditions

hydrophilic polymeric chains swell, altering its structure.

The GAB model represented well the experimental data, as previously reported by other
authors (Godbillot et al., 2006; Mali et al., 2005; Talia et al, 2007; Zhanga et al, 2011). Films
with higher plasticiser content have higher value of the monolayer water content (Mo). These
results may be related with high glycerol’s hydroscopicity. Glycerol molecule presents upper
water affinity, demonstrated by absorption isotherms reported in the literature (Leung, 1986).
Kibar and Us (2013) reported that in starch films, plasticizers are generally more hygroscopic
than starch. Indeed, Muscat et al. (2012) and Talja et al. (2008) showed that amount of sorbed
water by starch films increases with the polyol content for potato starch, up to twice. Thus,

the difference in the water adsorption capacity of starch films (when the amount of starch is
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constant) is mostly dependent on content of the plasticizers. Miiller et al. (2008) also observed
consistent effect for cassava starch films. The value for the parameters C and, relating to
subsequent layer of moisture, decreased with the concentration of polyol. Moreover, the GAB
model provided a good fit to the experimental data for all samples, with R? values > 0.98
(Teodoro et al., 2015). However, both samples (with 33 and 50% of glycerol) exhibited
similar behaviour. The values presented in this study for the GAB constants are in agreement
with the values reported in the literature (Dias et al., 2010; Mali et al., 2005; Miiller et al.,
2008).

Another important property of films for food packaging applications is them solubility in
water. Some latent uses may require water insolubility to enhance product integrity and
resistance of water (Farahnaky and Saberi, 2013). Difference in water solubility between the
films is not significant (table 3.2). However, a slight increase of solubility is observed for the
50% glycerol content film. This is not proportional to the glycerol content which means the
interaction between starch and glycerol rises with the glycerol content. Farahnaky and Saberi
(2013) indicated that the addition of glycerol increased the water solubility of wheat starch
films, from 11.7% to 27.7% when glycerol content roses from 30% to 50% w/w. In that case,
it was supposed hydrogen bonds stabilizing the starch network were disrupted, reducing the
cohesiveness of the starch matrix and then increasing its solubility in water. Ghanbarzadeh et
al. (2011), Hu et al. (2009) and Laohakunjit and Noomhorm (2004) obtained similar

dependences for corn, rice and potato starches films.

The swelling index and water content (table 3.2) are not significantly different between films
with 33 and 50% of glycerol. In previous works Basiak et al. (2015a,b,c) displayed that only
addition of protein isolate or rapeseed oil has significant influence on the swelling index and

water content of wheat starch films.

3.2.3. Interactions involved in starch-glycerol films displayed by FTIR

The most important intermolecular interaction determining the properties of the starch films is
the hydrogen bond. Changes in the hydrogen bond network due to changes in matrix
composition alter this structure and in consequence modulate matrix network (Liang and
Ludescher, 2015). The FTIR spectra of glycerol-starch films (33% and 50% plasticizer
content) and that of pure glycerol are presented in figure 3.5 The broadband located at 3430

cm’! (not showed onto the graph) has a very strong character and corresponds with vibrations
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models of intramolecular OH-groups from the absorbed water, from glycerol and from the
starch polymer as also displayed by Jiménez et al. (2013). The peak located at 2928 cm™ is
weak and related with vibration of hydrogen bond. The absorption bands at 1655 cm™ and
1373 ecm™! are also weak and related to CH and C=O groups. The broad bands located at 1165
cm™ and 1084 cm™ have strong character and assigned to SCH and 8COC. Peak with
wavenumber 980 cm™' has very strong character and it corresponds with vibrations 3C-O
(Zaleska et. al, 2001). Bands covers 1165-980 cm™! are the typical region of saccharides.
These bands turned out to be the most intensive absorbance in the IR-spectra (Souza and

Andrade, 2002).
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Figure 3.5 FTIR spectra for (a) wheat starch powder, (b) glycerol, (c) starch films with 33% of glycerol, (d) starch films with 50% of glycerol (blue

vertical line corresponds to shift peaks).
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The FTIR spectrum of pure glycerol shows five typical absorption bands located at 800 up to
1150 cm™!, corresponding to the vibrations of C-C and C-O linkages. Three broad bands at
850, 925 and 995 cm! are correspond to the vibration of the skeleton C-C, the peak at 1045
cm’! is associated to the stretching of the C-O linkage in C1 and C3 and the bond at 1117 cm™!
is corresponded to the stretching of C-O in C2 (Guerrero et al., 2010). The effect of glycerol
and water can be analysed by comparing the spectra of wheat starch powder to the spectra of
starch films with 33 and 50% of glycerol. As can be seen from figure 3.5, compared to the IR
spectra of reference samples (wheat starch powder), characteristic peaks for saccharides are
shifted. Peaks at 1014 cm™! can be assigned to C-O stretching, are shifted to 1020 cm™' (starch
films with 33% of glycerol) and 1023 ¢cm™' (films with 50% of glycerol). Furthermore, the
characteristic peaks in glycerol (2908, due to C-H vibrations), shifted to a higher wavenumber
at 2926 cm™! for films with 33% of glycerol and to 2932 cm™' for the films with 50% of
glycerol, and that at and 3320 cm ™! (affiliated to O-H bond) is shifted at 3338 cm™! for both 33
and 50% of glycerol films. These shifts indicated that the addition of glycerol promoted the
hydrogen bonding interactions among starch and glycerol. These results prove plasticisation
effect of glycerol and they are expected considering the hydrophilic nature of glycerol and
starch (Liu eta al., 2013).

3.2.4. Effect of plasticizer on the film appearance, colour, microstructure and thermal
stability

The appearance of starch film which does not contain glycerol is completely different to the
others. Indeed, glycerol free films are clear, transparent, though, brittle, rougher, rigid,
unpeelable, and the texture on each of the two sides are different. The films containing 33%
or 50% of glycerol are a little bit less transparent (opalescent), flexible and soft. Glycerol
interacts with starch molecules, causes weakened of cohesive tension. In consequence
structure of peeled films is more flexible. Moreover, no effect of blooming and blushing were
observed. This occurs when the plasticizer concentration surpassed its capability limit in the
polymer (overplasticization), causing phase segregation and physical exclusion of the

plasticizer (Laohakunjit and Noomhorm, 2004; Suppakul et al., 2013).

Colour parameters: L, a, b and total colour difference AE of starch-glycerol films are
presented in table 3.2 According to increase the L parameter biopolymers are more

transparent. Values obtained for wheat starch films with 33 and 50% of glycerol have 95.87
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and 95.48 wvalues, respectively. Glycerol slightly decreases value of lightness parameter.
Values of red-greenish and yellow-bluish rather increase with the plasticizer content. This
means that films with higher polyol content are more coloured. Colour changes due to the
incorporation of glycerol can be more fully described using other colour functions, such as
total colour difference which increases. The same behaviour was observed by Farahnaky and

Saberi (2013) or by Muscat et al. (2013).

Surface and cross-section images were investigated by environmental scanning electron
microscopy (figure 3.6). Achieved photographs show microstructure of wheat starch-glycerol
films. Micrographs, both for starch films with 33% and 50% of glycerol, presented smooth
surfaces without pores nor cracks, and compact structures. The same matrix obtained Mali et
al. (2002), who added 1.3% and 2% of glycerol (w/w d.b.) to yam starch films. Polyol
addition to starch matrix changes the microstructural arrangement of starch chains that are
less dense (Acosta et al., 2013). Farahnaky, Saberi and Majzoobi (2013) investigated the
effect of glycerol (0, 20 and 50% of dry basis) in wheat starch films. Unplasticized films were
rigid, fragile and brittle, they had cracks or pores that could possibly facilitate the
transmission of the water vapour. Surface and cross-sections morphologies of plasticized
films’ were homogeneous, but crumpled at the same time. The more the plasticizer content in
matrix was, the smoother and slender the films were (Jagadish and Raj, 2011). Liu et al.
(2011) observed the same tendency for plasticizer concentration ranging between 50 and 70%
(w/w) in maize starch films. However, the film surfaces of films with 70% (w/w) of polyol
were less porous, with more concise networks. According to Xie et al. (2014), who also
measured influence of glycerol concentration in maize films, a higher amount of glycerol
could result in a more apparent granular morphology. The homogeneous structure of starch
films is a good indicator of their structural integrity, and consequently good mechanical and

physical properties are expected (Farahnaky et al., 2013).
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Figure 3.6 ESEM micrographs of surface exposed to air during drying and cross section of

starch-based films containing 33% or 50% glycerol (w : w) at a magnification of x1000.

A well-understanding of how plasticizer affect thermal behavior of thermoplastic starch and
to determine mass loss in starch matrices contain 33% and 50% of glycerol thermal
gravimetric analysis (TGA) was conducted. Figure 3.7 presents the weight change and its
derivative according temperature. Three stages of weight losses occur in the temperature
range of 30 to 450°C. The first stage in the range of 30-120°C is attributed to water
evaporation from the external surface as well as dehydration of the intern layer. In that stage,
films loss 7.7% of their weight. It can be also related to the film water content as observed in
the sorption isotherms for a 53% RH. The zone in the range of 120-260°C is related to the
evaporation of glycerol (Lopez et al., 2015). Incorporation of glycerol increases weight loss as
the films with 50% of plasticizer display a loss of about 150% higher than films containing
only 33% of polyols. The third zone ranges from 260 to 450°C and corresponds to the
degradation of starch. The higher the glycerol content, the lower is the film thermal stability.

The TGA results clearly indicate that thermal degradation of the starch films, are relevant
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features in order to convert this biopolymer into materials with useful and desirable

properties, can be important for different packaging application.
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Figure 3.7 Weight loss vs temperature (and its derivative) of films containing either 33 or

50% of glycerol equilibrated at 53% RH prior thermogravimetry analysis.

3.2.5. Wettability properties

This experiment was designed to obtain information about the surface characteristics. Surface

tension (ys) and its components (dispersive yE and polar ¥f), contact angles () of various

liquids, works of adhesion (Wa), cohesion (Wc) and spreading (Ws) are given in the table 3.2.

The contact angle is a quantitative measure of the wetting of the solid by a liquid. The value

of the contact angles corresponds to the value gained at zero time, i.e. it is the initial contact
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angle at first droplet contact. To assess the surface properties, the contact angle kinetics of 10
liquids deposit on the 33% and 50% glycerol film were determined. Figure 3.8 shows the
droplets contact angle shape of 5 liquids (water, dilodomethane, ethylene glycol, glycerol,
polyethylene glycol) at time: 0, 10, 30, 60, 90, 120 seconds. For five other liquids:
cyclopenthanol, methyl benzoate, n-octane, tetradecane, 1-bromonaphtalane the spreading
was instantaneous (less than 0.5 s) and then the contact angle value is considered as 0°. The
shape of liquid droplets changed with the plasticizer content. In particular, water contact
angles of films vary from 103° to 43° respectively for 33% and 50% of glycerol (w/w).
Adding of glycerol reduces values of contact angle and causes faster the spreading. In the
33% of glycerol films, incomplete wetting of surface occurs (contact angle is higher than

90°).

However, it is noticeable that for diiodomethane and polyethylene glycol, contact angle is
higher for films containing more plasticizer. When the shape of drop is more rounds this
allows supposing that films have better barrier properties as absorption is unfavoured. Heydari
et al. (2013) studying functional properties of corn starch films observed influence of the
content of glycerol on contact angle. For films containing 25%, 30% and 35% of glycerol, the
water contact angles were respectively 49°, 44° and 35°. The higher the glycerol content is,

the lower the contact angle.

The surface tension and its dispersive and polar components are given in table 3.2. The
surface tension of solid surfaces is the sum of polar and dispersive (apolar) components,
indicating the nature of intermolecular interactions at the interface. Polar component is lower
for the films with 33% of glycerol than for films with 50% plasticizer. The higher is the
glycerol content, the greater the polarity of surface is, favouring hydrophilicity and then water
spreading and absorption. This is confirmed by the works of adhesion and cohesion that

increased whereas that of spreading decreases (less energy for spreading).
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Figure 3.8 Behaviour of water, diiodomethane, ethylene glycol, glycerol and polyethylene glycol droplets on film surfaces as a function of time for

starch films with 33 and 50% of glycerol.
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Wheat starch films are hydrophilic as displayed from hydration properties; their surface has
then strong affinity for moisture. It is confirmed by surface wettability and polarity. McHugh
et al. (1993) stated that the equilibrium of water vapour partial pressure at the inner film
surface increases with the content of polyols. Due to water content absorption depending on
glycerol concentration, the morphology of films, as well as the swelling, affects significantly

the surface properties (Laohakunjit and Noomhorm, 2004).

3.2.6. Influence of both glycerol and water on functional properties: mechanical and
barrier efficiencies

The Young’s Modulus (YM) is the staple test of the sample stiffness: the higher the stiffness
of the material, the higher the modulus of the elasticity (Suppakul et al., 2013). The effect of
the glycerol on the modulus of elasticity as well as on the tensile strength is not significant
(table 3.2). However, the Young’s modulus and the tensile strength at break tend to decreased
with increasing plasticizer content, whereas the elongation increased. Talja et al. (2008)
observed that the addition of glycerol+sorbitol or glycerol+xylitol reduces the Young’s
modulus by 14 times and a rise of 110% of the elongation. Mali et al. (2002, 2006) reported
similar dependence for corn starch, cassava starch and yam starch films containing two
different concentration of glycerol. On the contrary, Suppakul et al. (2013) did not displayed
significant change in elongation at break, 5.20 and 5.29% respectively for cassava starch films
containing 33 or 50% of sorbitol. Muscat et al. (2012) observed a stronger influence of
glycerol on elongation than that of xylitol on corn starch-based films. According to
conventional standards, packaging films should have tensile strength more than 3.5 MPa. So it
is noteworthy that thus not significant difference in mechanical properties only the films
containing 33% of glycerol satisfies the requirements and could be used as biodegradable

packaging materials (Heydari et al., 2013; Kim et al., 1995).

When plasticizer is incorporated in a starch matrix, it reduced the intra-molecular affinity
between the starch chains by forming hydrogen bonds between plasticizer and starch
molecules, thus under tensile stress film matrix become less dense, movements of starch
chains were facilitated and allows greater flexibility and pliability (Alves eta al., 2007;
Heydari et al., 2013). The range of glycerol content tested does not allowed to modify
significantly the mechanical properties. This means that 33% of glycerol is enough for

gaining enough flexibility to film to be manipulate without risks of breaking or crack
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formation. This also means the higher concentration of glycerol (above 33%) is not
significantly involved in the structure properties and then is only available for fixing or
favouring moisture absorption. This probably may affects in a greater extend the molecular
dynamics, reducing the local viscosity and then increasing the diffusivity of gases and of

small solutes.

Nowadays, the main goal of packaged food is the prolongation of the food shelf-life and
thereby minimizes the transfers between the food and the surrounding atmosphere (Gontard et
al., 1992). That’s why permeability determination is a key functional property for packaging
materials. The water vapour permeability of all starch-based films increased with the RH
gradient as well as with the glycerol content (table 3.2). Similar effect of the relative humidity
gradient was reported by Chang et al. (2000) for tapioca starch films. Glycerol has the biggest
effect on the water content of films at the stationary state of the permeation process which
induced greater plasticization and thus favours the moisture transfer (Fu et al., 2011;
Pushpadess et al., 2008). Farahnaky et al. (2013) reported that the WVP of the wheat starch
films without plasticizer is higher than that of films containing 20 or 30% of glycerol. It is
caused by microcracks in the unplasticized. In the films containing 50% glycerol, both
gradients 75-30% and 100-30%RH exhibit the same WVP values. Indeed, the glycerol
content (from 33 to 50%) induced a greater amount of water absorbed which acts as primary
plasticizer (more efficient than the glycerol) and thus increases the permeation. These results
have to be related to the diffusivity of water in films (table 3.2). Indeed, from kinetics of
sorption at 75%RH, the diffusivity increases twice approximately from film containing 33%
to film with 50% glycerol. Comparing our data to that of other authors, both wheat starch
films with 33 and 50% of glycerol have lower diffusion coefficient. Slavutsky and Bertuzzi
(2014) worked with corn starch with 20% glycerol content and they founded water diffusivity
values 1000 times higher. Muscat et al. (2013) obtained values of diffusivity of about 1073
m?s™! for high amylose starch films with very low glycerol content. Miiller et al. (2008) also
investigated glycerol influence on diffusivity of cassava starch films. Films containing 0.25
g/g of dry starch at 77%RH have an apparent moisture diffusivity of 1.64 x 107! m?s’!
whereas those containing 0.30 g of plasticizer have a 1.10 x 10! m’s”!, and films with 0.35 g

of glycerol addition a diffusivity value of 1.02 x 10! m?s™".

Garcia et al. (2011) observed a correlated dependence between glycerol content and water

vapour and oxygen permeability. Indeed, the oxygen permeability of films twice increases
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when glycerol content rises from 33% to 50%, but no significant effect of the RH on the
oxygen transfer have been displayed. The oxygen permeability mostly depends on the
plasticizer ratio than on the relative humidity. Glycerol is more effective in increasing
molecular mobility and in facilitating migration of either oxygen molecules or water vapour

permeability (Suppakul et al., 2013).

3.2.7. Conclusions

The influence of glycerol content and moisture level on physical, chemical and functional
properties of wheat starch films was studied. The main conclusions can be drawn as follows:
films containing 33% of glycerol have lower moisture absorption capacity than films with
higher glycerol content. When the concentration of plasticizers increased the tensile strength
and the modulus of elasticity decreased, whereas the elongation at break increased as
expected with higher amount of plasticizer. The lower the glycerol content, the best water
vapour barrier properties (oxygen permeability, water diffusivity, water vapour permeability)
are. Interactions between starch, glycerol and water occur between C-O and OH groups
indicating mainly hydrogen bonds. Properties of starch-based films strongly depend on water
glycerol contents, but this allows reducing surface water activity and transfers which are key

parameters for fruit coating applications.
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Chapter 4: Impact of protein addition in film-forming suspensions on
mechanical, optical and gas barrier properties of films

4.1. Characterisation of composite edible films based on wheat starch and whey
protein isolate (Basiak E., Galus S., Lenart A. 2015. Characterisation of
composite edible films based on wheat starch and whey-protein isolate.
International Journal of Food Science and Technology, 50, 372-380).

4.1.1. Abstract and introduction

Composite films prepared by casting wheat starch and whey-protein isolate at proportions of
100-0, 75-25, 50-50, 25-75, 0-100% were characterised. Combination of both substances gave
continuous and homogeneous films. The more starch there is in a film, the more dull is the
appearance. The highest water adsorption was observed for pure whey protein films and the
lowest for pure wheat starch films with the final water content of 0.264 and 0.324 g water g
d.m.!, respectively. An exponential equation well fitted the experimental data of water vapour
kinetics (R? > 0.99). The highest values of thickness and elongation at break were observed
for mixed films. With the increasing content of whey protein isolate, the values of the
swelling index and tensile strength increased from 34.31 to 71.01 % and from 2.29 to 8.90
MPa, respectively. The values of water vapour permeability depended on humidity conditions

and decreased slightly with the increasing content of whey protein isolate.

Every year the amount of produced trash increases, causing the landfills to increase. Aside
from the fact that people throw away more things than they used to in the past, the main
reason for continued growth of landfills is the fact that a large percentage of trash is made up
of materials that are not biodegradable or take a long time to decompose (Zenkiewicz and

Richert, 2008).

Since the majority of trash generated by households consists of materials used to package
food and other necessities, it should be evident that whenever possible easily recyclable of
biodegradable materials should be used instead of currently commonly used copolymers of
ethylene, polypropylene and other materials that are difficult to utilise (Prakash et al., 2013).

An excellent alternative to many of those materials would be to use edible and/or

Page 141/ 306



biodegradable coatings and films. Coatings are a kind of material that are deposited onto the
surface of foods and films made apart from them. They can reduce packaging waste
associated with processed foods. In addition edible films and coatings are environmentally
friendly materials which can promote the quality and convenience of minimally processed
foods. They can also be used to inhibit or regulate the migration of moisture, carbon dioxide,
oxygen and other liquids. They are capable of providing many functional components
including flavonoids, colours, vitamins, minerals, nutrition, antioxidants, antimicrobials and
other preservatives. By affecting respiration they can modify metabolism of fruits and

vegetable tissue (Lopez et al., 2008; Martins et al., 2012).

One of the most abundantly occurring biopolymers in nature is starch. It is an inexpensive
(much cheaper than polyethylene), widely available and biodegradable material. Furthermore
it is edible, tasteless, colourless and easily used in treatment technology — it is easy to colour
or add flavours and other components. Starch is the main resource of energy in higher plants
(up to about 90% dry matter) (Schmidt et al., 2013). It is usually accumulated in tubers, seeds
and roots (Araujo-Farro et al., 2010). The biggest sources of starch for the industry are corn,
wheat, cassava, potato, and quite recently rediscovered amaranth and quinoa (Araujo-Farro et

al., 2010). Native and modified starches play an important role (Liu, 2005).

Proteins are functional components used on a wide scale in the food industry. They can be
used to produce a wide selection of food products (Schmidt et al., 2013; Talja et al., 2008). In
recent years whey proteins are becoming increasingly popular. This is because they have high
nutritional value and a useful configuration of molecules. They contain amino acids, essential
for proper functioning of the human body, which it cannot produce itself. In addition, they are
easily absorbed by humans. Whey proteins are obtained by separation of substances in the
ultrafiltration process of protein substance and its drying. Whey proteins have high content of
a-lactoglobulins. It is the reason that they have similar properties to human milk proteins

(Gounga et al., 2007).

Many polysaccharide-based films and pure whey protein films are very brittle because they
have a large cohesive energy. In order to overcome this they need the incorporation of
plasticizers to reduce this force by reducing the intermolecular hydrogen bonding occurring
between the polymer chains (Jiménez et al., 2012; Murillo-Martinez et al., 2011; Osés et al.,

2009). The most popular plasticizers are polyhydroxy alcohols: glycerol, sorbitol, xylitol.
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There are several ways to obtain coatings and films from starch and whey proteins. They
include casting, injection, extrusion, thermo moulding, blowing and sheeting. During the
manufacture of coatings and films the main aim is to obtain homogeneous material, thin and
strong (Fu et al., 2011). Films made from one type of film-forming substance often have
limited properties. In order to improve the process several mixtures of biopolymers are used.
That is because films which consist of 2-3 types of substances have better properties than

those made from a single type (Kurek, Galus & Debeaufort, 2014).

The aim of the study was to investigate physical properties of composite edible films based on
wheat starch and whey protein isolate, including composition, thickness, swelling index,
water solubility, colour, tensile strength, elongation at break, water vapour permeability,

sorption properties and microstructure of composite films.

4.1.2. Thickness

Thickness, swelling index and water solubility of starch, starch-protein isolate and protein
isolate films are shown in table 4.1. The thickness of all films ranged from 87 to 110 um. For
all films the same amount of film-forming suspension was casted. The films made from pure
starch or protein isolate were the thinnest (pure wheat starch films and pure whey protein
films) while the ones made from starch and protein isolate mixture were thicker than the ones
made from a single ingredient. The films for which the starch and protein isolate proportions
(75% starch and 25% protein isolate films and 25% starch and 75% protein isolate films) were
1:3 or 3:1 had a similar thickness, but they were thicker than pure ones. 50% of starch — 50%
of protein isolate films with protein isolate and starch ratio 1:1 were the thickest from among
all samples. Thickness was the lowest for pure starch films and pure protein isolate films, and
the highest for films in a ratio 1:1. The thickness value for 75% starch and 25% protein isolate
films was between the value for pure starch films and films in a ratio 1:1, for 25% starch and
25% protein isolate films was between the value for films in a ratio 1:1 and pure protein
isolate films. It implies that addition of starch to protein isolate or protein isolate to starch in
the same proportion causes an increase of films’ thickness (Chang and Nickerson, 2013).
Martins et al. (2012) cast 28 ml of film-forming suspension with k-carrageenan and locust
bean gum of 6 different concentrations into polystyrene Petri dishes and they also obtained
results dependent on starch and k-carrageenan/locust bean gum ratio from 39 to 61 um.

Similar results have been previously reported for potato starch films with other ratios of
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plasticisers (Rodriguez et al., 2006) and for wheat films, for which Roy et al. (2000) obtained

results of 834+2 pum.

Table 4.1 Thickness, swelling index, water solubility of wheat starch/whey-protein isolate
films (100S - 100% wheat starch ; 75S-25WP - 75% wheat starch + 25% whey protein; 50S-
S0WP - 50% wheat starch + 50% whey protein; 25S-75WP - 25% wheat starch + 75% whey
protein; I00WP - 100% whey protein).

film indication  thickness (pum) swelling index (%) water solubility (%)
100S 87.4+3.8 3431 + 2.7 837+3.9°
75S8-25WP 95.2 +7.0° 46.03 +0.7° 18.32£3.1°
50S-50WP 109.3 + 8.4 49.36 + 1.6° 10.53 + 3.82
25S-75WP 98.9 + 6.8° 51.40 +2.6° 8.68 + 1.0

100WP 88.7+5.8° 72.01 +£4.3¢ 1746+ 1.72

+d Values with different superscripts within columns are significantly different (p<0.001).

4.1.3. Swelling index

The results of film swelling research can be clearly seen in table 4.1. The results show that
pure starch films have the lowest swelling index. It was also observed that addition of protein
isolate to starch causes a great increase of the swelling index. The pure starch films have a
swelling index of 34% while the pure protein isolate films have a swelling index of 72%,
which is more than twice as high as for pure starch films. The addition of 25% whey protein
isolate to wheat starch causes an increase of the swelling index to 46%. This means that the
swelling index rose by 35% in comparison to the pure starch sample. In turn, a further
increase of protein isolate content does not cause a significant increase of the swelling index.
Increase of protein isolate to 50% and 75% increases the swelling index to 49.4% and 51.4%.
This means that a further increase of protein isolate contents does not cause a meaningful
increase of the swelling index. In conclusion, the addition of protein isolate to starch films
results in creation of a product with an increased value of the swelling index. As in the case of
water vapour permeability, more whey protein isolate in the wheat starch film structure entails

an increase of water. This means that films made from protein isolate or with an admixture of
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protein isolate are distinguished by higher hygroscopic than pure starch ones or with a smaller

amount of whey protein isolate.

4.1.4. Water solubility
Values of water solubility of different types of starch, starch-protein isolate and protein isolate
films are shown in table 4.1. Both pure starch films and protein isolate films have similar

values (respectively 13 and 16%).

Starch-protein isolate films have significantly different values depending on the proportions
of starch and protein isolate. In the case of films with a starch and protein isolate ratio of 1:3
the value of water solubility decreases considerably in comparison to pure protein isolate or
starch films. In films with a starch and protein isolate ratio of 3:1 the value of water solubility
is the highest even if it is compared to the results of pure protein isolate or starch films.
Schmidt et al. (2013) conducted research on films made of cassava starch without and with
stearic acid (5, 10, 15, 20% g/100 g starch). They noted that water solubility increased with
the addition of a higher concentration of stearic acid. Lower values for water solubility could

be the result of greater interaction between components of these structures.

4.1.5. Colour

One of the most important parameters of food products, crucial for consumer’s choice, is
colour. Table 4.2 shows colour parameters for investigated films. According to the obtained
results of lightness, three homogeneous groups were observed. The first group constitutes
starch films (100S), starch-protein isolate films 1:1 (50S-50WP) and protein isolate films
(100WP). Their values are of a similar level and their amounts are 95.62, 95.41 and 95.39.
The value for the standard (white plate) is 96.74. This means that samples which are in the
first homogeneous group are of high lightness. The second homogeneous group constitutes a
sample with 75S-25WP. Its value is 94.23. The last homogeneous group consists of a sample
with 25% wheat starch and 75% whey protein isolate. Also in this case the value is quite

similar (94.78), which means that this kind of film is transparent, too.

Coefficient @ has minus values for four types of films. These are samples which contain
starch. Their values are between -0.10 and -0.81. This means that the colour of films changes

to green. Parameter a for whey protein samples indicates a change of colour to red.
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Coefficient b values for samples of pure starch films, 50% starch and 50% whey protein films
and pure whey protein films are of a similar level and their amounts are 2.90, 3.62 and 3.92.
Starch and protein isolate samples with a ratio of 3:1 (75S-25WP) and 1:3 (25S-75WP) have
much higher values than the previous ones (pure starch films, films in a ratio of 1:1 and pure

protein isolate films).

Values of total colour difference (AE) range from 0.81 to 13.27. Similarly to coefficient b, AE
values show nearly the same trend for samples of pure starch films, films in a ratio of 1:1 and
pure protein isolate films. Analogically, samples containing 75% starch and 25% protein
isolate and 25% starch and 75% protein isolate are of much higher values than the pure ones
(pure starch films and pure protein isolate films) and the one with a ratio of 1:1 (50S-50WP).
Galus and Lenart (2012) obtained values of AE of alginate/pectin films between 1.90 to 5.49
and noted that AE increased significantly with the higher content of pectin.

Table 4.2 L, a and b colour values and total colour difference (AE) of wheat starch/whey
proteins films (100S - 100% wheat starch ; 75S5-25WP - 75% wheat starch + 25% whey
protein; 50S-50WP - 50% wheat starch + 50% whey protein; 25S-75WP - 25% wheat starch +
75% whey protein; 100WP - 100% whey protein).

Film indication L a b AE
100S 95.62 + 0.40? -0.20 + 0.05° 2.90+0.16* 0.81+0.21%
758-25WP 94.23 +(.87° -0.57 £ 0.06° 4.52 £0.85° 13.27 £2.07¢
50S-50WP 95.41 +0.22° -0.10 + 0.02° 3.62 +0.22° 1.94 + 0.45
5575 WP 94.78 + (0.86° -0.81 +0.14° 6.89 + 1.10¢ 4.73 £2.14°
LOOWP 95.39 + 0.25° +0.15 + 0.054 3.92 +0.35° 242 +0.81°

+d Values with different superscripts within columns are significantly different (p<0.001).

4.1.6. Water sorption kinetics

Fig. 4.1 shows water sorption kinetics of whey-protein isolate/wheat starch films at relative
humidity of 75.3%. The highest water adsorption was observed for pure whey protein films

and the lowest for pure wheat starch films. Final water content was 0.264 and 0.324 g water g
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d.m.!, in pure wheat starch and pure whey protein films respectively. Because of the
hydrophilic nature of whey protein and wheat starch, high water vapour adsorption was
observed for all investigated films. All of the analysed films reached their state of equilibrium
within the 24 h time frame set for the tests. Water vapour sorption kinetic curves had a similar
course for investigated films. Sorption is dependent on relative humidity of the environment.
The higher the relative humidity of the environment the samples were stored in, the greater
their ability to absorb water (Ciurzynfiska et al., 2013). The highest changes of dry mass for all

films were observed during the first 24 h.
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Figure 4.1 Water content as a function of adsorption time for wheat starch/whey-protein
isolate films (100S - 100% wheat starch; 75S-25WP - 75% wheat starch + 25% whey protein;
50S-50WP - 50% wheat starch + 50% whey protein; 25S-75WP - 25% wheat starch + 75%
whey protein; 100WP - 100% whey protein). Experimental points and fitted exponential

equation (lines)).

Similar observations were obtained for other hydrocolloid films. Galus and Lenart (2013)

observed an equilibrium state after 10 h of the kinetic process for pure pectin, pure alginate
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and composite pectin/alginate films. Mali et al. (2005) also observed more rapid moisture
adsorption for cassava starch films at the initial stages of the storage at all relative humidity
conditions (32, 58 and 90%). Moisture equilibrium time influenced by storage conditions was

presented for soy protein films as well (Cho and Rhee, 2002).

Measured water sorption curve data were fitted to an exponential equation. The constants g, h
and j, which were derived from the fit, are presented in table 4.3. The coefficients of
determination are found to be very high in all cases (R? > 0.99) and values of mean relative
error (MRE) were low, in the range of 3.578-6.863%. These two indicators proved a good fit
to the experimental data. The highest sorption rate (j - parameter of eq. 1) was obtained for
pure wheat starch films. The chosen equation was also used to describe the shape of water
vapour sorption kinetics of soy protein/oxidized starch and soy protein/maltodextrin
composite films (Galus et al. 2012a), pectin films (Galus et al.. 2012b) and also for food
products, i.e. freeze-dried strawberries (Ciuszynska and Lenart, 2010) or food powders
(Kowalska et al., 2006). Based on the obtained results, the water vapour adsorption rate was
the highest at the beginning of the process, when the initial water content in analyzed films

was low.

Table 4.3 Exponential equation parameters fitted water vapour adsorption kinetics by of
wheat starch/whey-protein isolate films (100S - 100% wheat starch ; 75S-25WP - 75% wheat
starch + 25% whey protein; 50S-50WP - 50% wheat starch + 50% whey protein; 25S-75WP -
25% wheat starch + 75% whey protein; 100WP - 100% whey protein; R? — determination

coefficient, MRE — mean relative error).

Equation parameters

Sample R? MRE (%)
g h ]
100S 0.259 1.007 0.182 0.993 6.863
75S-25WP 0.270 0.994 0.178 0.990 5.743
50S-50WP 0.296 0.998 0.144 0.993 6.088
25S-75WP 0.291 0.996 0.169 0.992 5.593
100WP 0.324 0.997 0.174 0.991 3.578
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4.1.7. Water vapour permeability

Results of starch, protein and their components regarding water vapour permeability (WVP)
are shown in table 4.4. Obtained values depend on relative humidity (RH). For films which
were stored at 0-30% values are the lowest, for 30-75% values are higher, and the highest are
for the ones stored at 30-100% (RH) which was also presented in literature (Olivas and
Barbarosa-Canovas, 2008). You can also notice that when humidity decreases, water vapour
permeability is lower. Starch films at relative humidity gradient (RHG) 0-30% have the
lowest values. On the other hand, regardless of RH values of WVP are always of the same
dependency. When the protein content increases, values of WVP rise too. For pure starch
films values of WVP are at the lowest level. Increasing the addition of protein isolate causes
growth of values. Jiménez et al. (2012) prepared films made of pure starch, pure
hydroxypropylmethylcellulose (HPMC) and with their combinations with ratios of 3:1, 1:1
and 1:3. They reported that addition of HPMC to starch causes an increase of values of WVP.
Values of pure starch films and films with HPMC are similar but not the same. Values
increase with higher content of polysaccharides, which have hydrophilic character. Starch
films have the lowest value of the swelling index. Values increase when the content of protein
isolate rises. It means that more protein isolate causes higher levels of hydrophilicity. That is
why adding protein isolate results in an increase of WVP values. Values of water vapour
permeability (WVP) also depend on relative humidity. The lowest value is for samples with

the lowest moisture content.
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Table 4.4 Water vapor permeability (100S - 100% wheat starch; 75S-25WP - 75% wheat
starch + 25% whey protein; S50S-50WP - 50% wheat starch + 50% whey protein; 25S-75WP -
25% wheat starch + 75% whey protein; I00WP - 100% whey protein).

Film 0-30% 30-75% 30 - 100%
(10"°g m's'Pa) (10"°g m's'Pa™) (10"%g m!'s'Pa)

100S 3.94 £ 0.61° 6.11£0.21%4 7.70 + 0.03%8
75S-25WP 4.34+0.31% 5.91 + 0.54¢¢ 7.45 £ 0.70%"¢
50S-50WP 4.28 = 0.44%0 6.61 £ 0.88%°f 7.95 +0.33¢
25S-75WP 4.60 +0.75*° 6.52 + 0.424<f 6.88 + 0.40%<f¢

100WP 524 +0.26°¢ 6.37 + 0.57%4¢ 7.87 + 0.54¢

¢ Values with different superscripts within columns are significantly different (p<0.001).

4.1.8. Mechanical properties

Table 4.5 shows values of mechanical properties: tensile strength and elongation.Tensile
strength values range from 2.29 (pure starch films 100S) to 8.90 MPa (pure protein isolate
films 100WP). Values for starch-protein isolate samples are between the lowest and the
highest results. The lowest value was for pure starch films. When more protein isolate was
added, values were higher. More protein isolate caused a higher value of tensile strength.
Elongation results show that samples of pure starch films, 75% starch and 25% protein isolate
films and pure protein isolate films, whose values vary from 10.22 to 16.17%, comprise one
common homogeneous group, whereas samples of films of starch and protein isolate in a ratio
of 1:1 and films of 25% starch and 75% protein isolate do not show any similar dependencies.
Their values are a few times higher than the previous ones (pure starch films, 75% starch and
25% protein isolate films and pure protein isolate films), because the starch and whey protein
content is the same so the amount of interactions beetwen them is higher than in the situation
when one of components dominates in the ratio. Pure starch films are stiffer and more fragile
than films with addition of protein isolate. Whey protein isolate films combined with wheat
starch showed greater flexibility than pure films. In 1998 Rhim et al. reported on soy protein
films, also prepared at a 5% protein concentration and with 50% glycerol (% plasticiser /

100% protein). Obtained values of tensile strength (TS) were ~6.3 MPa. In all formulations
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starch significantly reduced the TS. Cao et al. (2007) also reported that the tensile strength of
soy protein and fish gelatin composite films increased when the content of gelatin was higher.
Dong et al. (2006) made composite films of alginate and gelatin. The authors reported that TS
increased when protein content increased. Also Chambi and Grosso (2006) found dependence
between two film components. The higher the gelatin content, the higher was TS. The value

of TS increased when the amount of protein increased in mixed films.

Table 4.5 Tensile strength and elongation at break of composite edible films based o wheat
starch and whey protein isolate (100S - 100% wheat starch; 75S-25WP - 75% wheat starch +
25% whey protein; 50S-50WP - 50% wheat starch + 50% whey protein; 25S-75WP - 25%
wheat starch + 75% whey protein; 100WP - 100% whey protein).

Film Tensile strength Elongation at break (%)
(MPa)
100S 2.29 +0.33° 10.22 + 0.81°
75S8-25WP 3.90 £ 0.56° 16.17 +1.112
50S-50WP 4.67+0.19° 76.26 + 8.92°
25S-75WP 5.10 £ 0.89° 51.35+ 4.83°
100WP 8.90 + 1.01° 13.12 + 1.42°

+d Values with different superscripts within columns are significantly different (p<0.001).

4.1.8. Microstructure
The structure of the film depends on chemical interactions of film hydrocolloids and on the
drying method of film-forming solutions. Micrographs provide information about how the

film’s components are located and how they are arranged in a film matrix (Fabra et al., 2009).
Photographs taken with scanning electron microscopy (SEM) give a better insight into the

homogeneity and the films’ microscopic structure. In figures 4.2a-j scanning electron

micrographs are presented (fig. 4.2a,c,e,g,i - surface and fig. 4.2b,d,f,h,j - cross-section).
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