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ABSTRACT 

 

DEVELOPMENT OF PECTIN-WAX COMPOSITE EDIBLE FILMS 

WITH HIGH MOISTURE BARRIER PROPERTIES 

 

 

This thesis aimed development of multipurpose citrus pectin-based edible films showing 

moisture barrier and antimicrobial properties at the same time. For this purpose, pectin 

was composited with different waxes and antimicrobial essential oil carvacrol employing 

emulsification with hot homogenization. Pectin composite films with 15% glycerol and 

40% beeswax obtained with CaCl2 cross-linking showed WVP of 1.58 g.mm/m2.day.kPa 

(54% lower than WVP of pristine pectin film).  In contrast, pectin films with 15% glycerol 

and 30% carnauba wax showed a dramatically low WVP of 0.16 g.mm/m2.day.kPa 

without CaCl2 cross-linking (95% lower than WVP of pristine pectin film).  These 

findings clearly showed that use of a wax with high melting point (m.p. of carnauba 

wax=82-86oC) is more effective than one with low melting point (m.p. of carnauba 

wax=62-66oC) to achieve composites with high moisture barrier properties.  Therefore, 

antimicrobial films were developed by incorporating carvacrol at 1, 2, or 3% into pectin-

carnauba wax composite films.  The carvacrol incorporated edible composite films 

showed antimicrobial activity on Escherichia coli and Listeria innocua at a concentration 

dependent manner, but the increase of essential oil concentration reduced the moisture 

barrier properties of films. As a result, the antimicrobial pectin-carnauba wax composite 

films incorporated with 1% of carvacrol showed the highest moisture barrier properties 

with a WVP of 1.47 g.mm/m2.day.kPa (57% lower than WVP of pristine pectin film). P).  

The compositing with waxes reduced the transparency and mechanical strength of pectin-

based films.  However, this thesis showed possibility of reducing moisture loss and 

microbial load of food by pectin-based packaging. 
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ÖZET 

 

YÜKSEK NEM BARİYER ÖZELLİĞİ OLAN PEKTİN-MUM 

KOMPOZİT YENİLEBİLİR  FİLMLER GELİŞTİRİLMESİ 

 

 

Bu tez çalışmasında literatürde ilk kez turunçgil pektininin aynı anda hem su 

buharı geçirgenliği (WVP) düşük, hem de antimikrobiyel etki gösteren çift fonksiyonlu 

filmlerinin üretilmesi amaçlanmıştır. Bu amaçla ulaşmak için pektinin mumlarla sıcak 

homojenizasyon yöntemiyle emülsifikasyon yöntemi kullanılarak karvakrol içeren 

kompozit filmleri üretilmiştir.  Pektinin %15 gliserol ve %40 balmumu içeren kompozit 

filmleri CaCl2’le çapraz bağlandıktan sonra elde edilen en düşük WVP değeri 1.58 

g.mm/m2.gün.kPa olarak belirlenmiştir (kontrol pektin filme göre %54 daha düşük 

WVP).  Buna karşın pektinin %15 gliserol ve %30 karnauba mumu kullanılarak elde 

edilmiş filmleri çapraz bağlama uygulanmadan 0.16 g.mm/m2.gün.kPa gibi çok düşük bir 

WVP değeri göstermiştir (kontrol pektin filme göre %95.4 daha düşük WVP). Elde edilen 

bu sonuç karnauba mumu gibi erime noktası yüksek (e.n.=82-86 oC) mum kullanımının 

erime noktası düşük (e.n.= 62-66 oC) bal mumu kullanımına göre WVP değerini daha 

etkili düşürdüğünü göstermiştir.  Dolayısıyla antimikrobiyal film üretimi amacıyla 

karnauba mumu içeren pektin film kompozitleri içerisine %1, 2 veya 3 oranında karvakrol 

ilave edilmiştir. Elde edilen karvakrol içeren tüm filmler Escherichia coli ve Listeria 

innocua üzerinde esansiyel yağ konsantrasyonuyla orantılı olarak antimikrobiyal etki 

göstermiştir. Ancak, filmlerin WVP değerleri de ilave edilen esansiyel yağ 

konsantrasyonu arttıkça artmıştır. Bu nedenle tezde elde edilmiş olan en düşük WVP 

(1.47 g.mm/m2.gün.kPa) gösteren antimikrobiyal film %1 oranında karvakrol içeren 

olmuştur (kontrol pektin filme göre %57 daha düşük WVP). Filmlere karnauba mumu 

ilavesi ışık geçirgenliklerini azaltırken mekaniki özelliklerini de kısmen zayıflatmaktadır. 

Bu tez çalışması gıdalarda daha az nem kaybına neden olabilecek antimikrobiyel pektin 

temelli film üretiminin mümkün olduğunu göstermiştir. 
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  CHAPTER 1  

 

INTRODUCTION 

 

The earliest record about use of small and large intestines of cattle and sheep for 

meat-stuffed casings (sausages) was discovered in almost 4,000-years-old Sumerian 

tablets found in Mesopotamia (Eckholm 1985). Thus, it could be accepted that edible 

packaging is an ancient technology that has been used more than 6000 thousand years to 

protect food products from physical and chemical quality changes and/or microbial 

contamination. In contrast, the use of moisture barrier edible packaging in food 

preservation is not too old as this was developed and applied first by Chinese using edible 

wax coatings for preservation of oranges in 12th century (Hardenburg 1967). Moreover, 

it is also thought that the first self-standing edible film is Yuba a proteic film developed 

by Japanese in 15th century by forming this film at the surface of boiled soy milk and 

applying it for wrapping of food (Umaraw and Verma 2017). In general, proteins, 

polysaccharides and waxes obtained from plant and animal sources have been heavily 

used for development of edible films, coatings and casings using classical methods such 

as solution-casting, dipping and spraying, and extrusion, respectively (Yemenicioglu 

2022). However, hydrocolloids extracted from emerging and novel sources (e.g., 

bacterial, fungal and algal sources, insects, etc.) as well as the novel formulation and 

application techniques (e.g., nanoemulsions, nanocomposites, layer-by-layer coating, 

electrospinning, etc.) are a subject of great interest due to their promising potential to 

develop innovative food packaging systems (Sabina Galus et al. 2020; Yemenicioglu 

2022). The major functionalities of edible films and coatings are as follows;  

• Moisture barrier: Prevents dehydration, minimizes water vapour transmission, 

thus, extends shelf life (Kocira et al. 2021; Summo et al. 2022). 

• Gas barrier: Edible films can control the permeability of gases such as oxygen, 

carbon dioxide, and ethylene. (Summo et al. 2022).  

• Protection: protects food products from mechanical damage and physical changes 

(Bizymis and Tzia 2022). 

• Maintenance of food quality: minimizes negative effects on texture, flavor, or 

color (Bizymis and Tzia 2022; Kocira et al. 2021). 
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• Preservation: edible film and coating helps to reduce the microbial contamination 

of food and to improve their shelf life and nutritional properties (Prasad et al. 

2023). 

Besides an individual polysaccharide, protein, or lipid, a combination of these film-

forming materials (blends or composites) can also be used to create edible films and 

coatings (Abdollahzadeh et al. 2021). Therefore, mechanical, physicochemical and 

barrier properties of edible films might show a great variation depending on their 

composition. In general, protein based edible films show good oxygen barrier properties, 

but poor water vapour barrier properties. Polysaccharides are abundant materials mostly 

with excellent film-forming abilities, and good oxygen, aroma and lipid barrier effects, 

but most of them suffer from lack of water resistance and moisture barrier properties. 

Lipid-based edible films, especially beeswax and carnauba wax show excellent moisture 

barrier properties owing to their hydrophobic properties, but such lipid-based films show 

poor mechanical properties (Jeevahan and Chandrasekaran 2019; Falguera et al. 2011). 

Thus, to reduce disadvantages of individual edible film components different approaches 

have been developed such as enzymatic or chemical cross-linking or modification, 

blending or compositing with each other, use of nanoparticles as reinforcing fillers, and 

addition of surface active agents to improve emulsification (Garavand et al. 2017). 

Recently, a significant interest has been focused on compositing multiple film-forming 

agents to explore the complementary advantages of each component (Campos et al. 2011; 

Galus and Kadzi 2015). In most studies, compositing targets mainly improving 

mechanical characteristics or barrier properties of edible films (Bourtoom 2008). In 

particular, most composite films or coatings combine a hydrophilic hydrocolloid with a 

hydrophobic lipid component in order to improve moisture barrier properties of resulting 

films or coatings (Bosquez-Molina et al. 2003; Hassan et al. 2018). The emulsification is 

the primary method used to combine hydrocolloids with lipids (Galus and Kadzi 2015) 

but coating of a layer of hydrophilic edible film with a lipid layer (bi-layer films) is also 

a method to obtain moisture barrier edible films and coatings (Vieira et al. 2021). Edible 

films are not only capable to act as a moisture or gas barrier, but they can also act as active 

packaging by delivering incorporated or impregnated active compounds such as 

antioxidants and antimicrobials, flavour compounds, bioactive substances or nutrients 

onto food surface (Yemenicioglu 2022; Benbettaïeb et al. 2019; Tavassoli-Kafrani et al. 

2016). The delivery of antimicrobials by edible films onto food surface named 
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“antimicrobial packaging” is the most frequently applied active packaging method since 

it enables inhibition of pathogenic or spoilage microorganisms at the food surface and 

improves food safety and shelf-life. The most frequently used antimicrobials in edible 

films include chemical antimicrobial food additives such as sorbic acid, benzoic acid, 

propionic acid, lactic acid, etc. while natural antimicrobials include nisin, lysozyme, 

polylysine, lactoferrin, phenolic extracts and their pure components, and essential oils 

and their pure components (Yemenicioglu 2022). Citrus pectin the major commercial 

pectin used worldwide is one of the most frequently used edible packaging and coating 

material since (1) it could be applied on to foods easily by dipping or spraying; (2) it 

could be used for delivery of both hydrophilic (e.g., ascorbic acid and derivatives, organic 

acids, etc.) and hydrophobic (e.g., essential oils) antimicrobials (Yemenicioglu 2022); 

and (3) its films show selective gas permeability (high selectivity ratio for CO2/O2 

permeability) that is beneficial to extend the shelf-life of coated or packed fresh fruits and 

vegetables (Gontard et al. 1996). However, a major disadvantage of citrus pectin films is 

that they show poor moisture barrier properties. The main strategies employed to enhance 

the poor moisture barrier properties of pectin films involve cross-linking of films via 

divalent cations such as Ca++ (Çavdaroğlu et al. 2023a) and compositing of pectin with 

waxes by exploiting ability of pectin to form and stabilize emulsions (Alvarez-Perez et 

al. 2015).In the literature, extensive studies have been conducted to obtain antimicrobial 

pectin films (Ngo et al.2020; Jovanović et al. 2021;Aitboulahsen et al. 2020; Zhang et al. 

2022; Nastasi et al. 2022; Aitboulahsen et al. 2020). Different studies have also been 

performed to improve the moisture barrier performances of pectin films by using 

compositing strategies with waxes (Berenice et al. 2015; Abdollahzadeh et al. 2021; 

Cagri, Ustunol, and Ryser 2004; Campos et al. 2011; Sánchez-Ortega et al. 2014; Szulc 

et al. 2020; Espitia et al. 2014). In contrast, studies related to development of pectin films 

showing both antimicrobial and moisture barrier properties are scarce. This thesis aimed 

development of multipurpose citrus pectin-based edible films showing moisture barrier 

and antimicrobial properties at the same time. For this purpose, pectin was composited 

with a low and high melting point waxes (carnauba wax with a m.p of 82-86°C and 

beeswax with a melting point of 62-66°C) and antimicrobial essential oil carvacrol 

employing emulsification with hot homogenization. This thesis is original in that it is one 

of the first attempts to develop moisture barrier antimicrobial edible pectin films 

employing a natural antimicrobial compound. 
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  CHAPTER 2  

 

LITERATURE REVIEW 

2.1. Edible Films and Coatings 

A novel approach to food preservation is antimicrobial edible packaging. This technology 

offers means to delay microbial growth, control moisture loss/gain, and gas exchange, 

thereby promoting food quality and shelf life (Suhag et al. 2020).  An edible packaging 

might be applied in the form of a self-standing film used for producing a pouch or for 

wrapping of food, or as a coating applied at the food surface by dipping, brushing or 

spraying.  Edible films are produced from biopolymers that are carbohydrates, proteins, 

lipids and combinations of these (Han 2014; Das et al. 2020; Maan et al. 2021). 

Schematic representation of classification of edible coating formed materials are shown 

in Figure 2.1. 

 

 

Figure 2.1. Schematic representation of classification of edible coating formed materials 

(Source: Nunes et al. 2023) 

 

Edible films and coating made from polysaccharides such as cellulose, pectin, starch, 

chitosan, Arabic gum, xanthan gum or proteins such as casein, whey protein concentrate 
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and isolate, gelatine, corn zein, soybean proteins, animal and vegetal oils and fats used 

alone or as suitable blends and composites (Nunes et al. 2023; Gallo et al. 2000.) 

The solution-casting method is the most frequenlty used method and consists of 

dissolving the biopolymer in a suitable solvent, ii) pouring the solution into the mold, iii) 

drying the poured solution (Figure2.2) (Suhag et al. 2020; Kumar et al. 2022). 

 

 

Figure 2.2. Edible film production by solution casting method (Source: Suhag et al. 2020) 

Different methods could be used to apply edible coatings on fruits and vegetables (Figure 

2.3). These methods involve dipping, spreading, spraying and wrapping (Pedreiro et al. 

2021). 

 

Figure 2.3. Schematic representation of coating techniques: (a) spraying; (b) dipping; (c) 

spreading and (d) wrapping (Source: Pedreiro et al. 2021) 

The use of self-standing pectin films and coatings is limited due to their poor oxygen and 

water vapor barrier properties (Minh et al. 2020). Different strategies have been 

developed to improve the barrier properties of pectin films, but none of these studies find 

an effective solution applicable worldwide. There are different strategies to improve the 

physicochemical, functional and barrier properties of edible food packaging materials. 

a) 
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These include the cross-linking strategy and the addition of hydrophobic ingredients and 

fillers, including nanomaterials. A possible strategy to improve the barrier protperites of 

films is to chemically cross-link hydrocolloids forming the film matrix (Yao et al. 2022). 

Crosslinking method is used widely to improve the water vapour barrier property of film. 

It was reported that cross-linking agents cause an increase in the surface hydrophobicity 

of films, resulting in low water vapor permeability (Chambi and Grosso 2006).  Divalent 

ions like Ca2+, oxidized phenolic compound, organic acids, oxide particles and inorganic 

particles are used as crosslinking agents (Zhang et al. 2024). Ca2+is frequently preferred 

for cross-linking process because it has advantages such as being a green method, 

availability and low cost (Zhang et al. 2024).  

Li et al. (2016a) showed how CaCl2 concentration affected the gelation process of alginate 

films (Figure 2.4)  (Li et al. 2016a). 

 

Figure 2.4. Schematic evolution of alginate gelation process with the increase of calcium 

chloride concentration (Source: Li et al. 2016b) 

 

According to the literature, various substances such as antibacterial agents, antioxidants, 

nutrients, colorants, aroma compounds and spices could be incorporated into films to 

obtian different functins. 

Edible films and coatings help to reduce oxidative chnages in food and  to protect food 

from spoilage microorganism, and to reduce the risk of pathogenic microorganism growth 

in foods (Lisitsyn et al. 2021; Sánchez-Ortega et al. 2014; Ganiari et al. 2017). 

Developing techniques to extend the shelf life of products such as cheese, dried fruit and 

meat has been an area of research in recent years (Yuan et al. 2022; Ünalan et al. 2013). 

Antimicrobial edible films and coatings are seen as a promising preservation technology 

also for raw and processed meats against spoilage and pathogenic microorganisms 
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(Sánchez-Ortega et al. 2014). Antimicrobial agents including organic acids, bacteriocins, 

essential oils and phenolic extracts widely incorporated in edible films. 

Ünalan et al. reported that lysozyme containing zein and zein-carnauba wax composite 

films suppressed the growth of Listeria monocytogenes in fresh cheeses during cold 

storage (Ünalan et al. 2013).  

Fruit and vegetable juices or purees have been also used to produce edible films and add 

value to edible films because of their nutritional and antimicrobial properties (Yıldırım-

Yalçın et al. 2021).  It was prooved that edible film from mixture of grape juice, maize 

starch cross-linked with sodium trimetaphosphate and glycerol reduced lipid oxidation 

and microbial growth of food during cold storage (Yıldırım-Yalçın et al. 2021). 

Recently, essential oils has been used in antimicrobial packaging extensively.  The 

essential oils do not contain fatty acids as animal and vegetable oils, but they are highly 

complex volatile compounds (with up to 60 components) soluble in organic solvents 

containing several major (e.g., terpenes, terpenoids, and aromatic compounds) and many 

minor fractions  (Bakkali et al. 2018).  Essential oils interact with the lipid components 

of cell membranes, altering membrane permeability and causing microbial cell leakage. 

Carvacrol is one of the essential oils highly effective on both Gram-positive and Gram-

negative bacteria (Yuan et al. 2022). 

The brittleness in a also a major problem for most edible films. Therefore, plasticizers are 

frequently employed to obtian flexible edible iflms. However, high levels of plasticizer 

increases the water vapour permeability of the films. Therefore, optimizing the plasticizer 

concentration is crucial to produce edible film with desired flexibility and moisture barrier 

properties (Yıldırım-Yalçın et al. 2021). It has been reported that substances used as 

plasticizers in edible film formulation, such as glycerol, require the use on 10-60% on the 

dry matter basis, but such amounts affect water vapour and gas permeability negatively 

(Sothornvit and Krochta 2005).  

2.1.1. Protein-Based Edible Films 

Proteins are good film-forming substances that exhibit outstanding O2, CO2 and oil barrier 

properties but mechanical properties of protein films are weak especially under low 

relative humidity conditions (Cheng et al. 2023; Milani and Tirgarian 2020). Moreover 
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due to their hydrophilic structure, they have weak water vapor barrier properties (Milani 

and Tirgarian 2020).  

By incorporating hydrophobic substances into protein matrices, the weak moisture barrier 

properties of single protein-based edible films can be overcome (Galus et  al. 2020). 

2.1.2. Lipid-Based Edible Films 

Various waxes such as beeswax, carnauba wax, candle wax, soy wax and resins such as 

shellac resin, coumarin resin, turpentine are often used as lipid coating components (Wu, 

Wu, and Hu 2024). 

Lipid materials are preferred in edible film production due to their hydrophobicity that 

increase water-resistance and moisture barrier properties of films (Milani and Nemati 

2022). 

Lipids are among the most preferred polymers because they provide hydrophobicity in 

edible film formulation, providing an excellent barrier feature against moisture and 

oxygen. Although lipid films have perfect barrier properties, they show poor mechanical 

properties, thus, should be combined with different polysaccharides and proteins to obtian 

self-standing films (Wu, Wu, and Hu 2024). 

Among all natural waxes, beeswax and carnauba wax are the most studied (Yi Zhang, 

Simpson, and Dumont 2018).  

Beeswax is a hydrophobic agent composed of a mixture of esters, hydrocarbons, fatty 

acids, alcohol, and others (Pérez-Vergara et al. 2020). It is considered a GRAS substance 

(generally recognized as safe) by the U.S. Food and Drug Administration (Szulc et al. 

2020). Beeswax has been preferred in edible film formulation because it produces 

materials with greater resistance to water vapor, thanks to its long-chain fatty acid 

composition (Cort Es-Rodríguez et al. 2017). Incorporation of beeswax in film matrix has 

significant improvement in terms of moisture barrier properties (Diyana et al. 2021; 

Pérez-Vergara et al.2020; Haq et al.2016; Cheng et al.2023). Carnauba wax is a wax 

having one of the the greatest melting points.  It consists of  aliphatic esters and diesters 

of cinnamic acid and it is one of the hardest waxes in solid fiorm (Galus et al. 2020).  It 

is yellowish and has a melting temperature around 82–86 °C Filho et al. 2020). 
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2.1.3. Polysaccharide-Based Edible Films 

Polysaccharides including starch, chitosan, cellulose, pectin, alginate and seaweed and 

pulluan have been used for edible films (Kumar Dubey and Dubey 2020). Some of these 

polysaccharides, alginate, chitosan, pectin, and starch, are the most available and 

commonly used in the food industry (Cerqueira et al. 2023a). In the current study, pectin 

has been used as an edible film-forming material.  

2.1.3.1. Pectin 

Pectin, a major food hydrocolloid that is highly demanded by the food industry primarily 

as a gelling and thickening agent, is commercially produced from citrus peels (~85%). 

However, the increased applications of pectin in food as well as recent trends to valorize 

different agro-industrial wastes have encouraged industry to seek alternative pectin 

sources such as sun-flower head residues and sugar beet pulp that contain 10-20% pectin 

(d.w.) (Gawkowska et al. 2018).  The pectin, the most complex polysaccharide in plants, 

is formed by three different fractions; homogalacturonan (HG), rhamnogalacturonan I 

(RG-I), and rhamnogalacturonan II (RG-II).  The HG, RG-I and RG-II are attached 

covalently to each other (Harding et al. 2017) and form almost 65, 20-35 and 10% of 

pectin molecule in plants, respectively (Chandrayan 2018). The linear HG fraction forms 

the “smooth regions” of pectin molecule while branched RG-I and RG-II forms the “hairy 

regions”.  However, some other minor pectic fractions also exist such as 

xylogalacturonan, apiogalacturonan, arabinan, galactan, arabinogalactan I and 

arabinogalactan II (Gawkowska et al. 2018).  

The HG is the major pectin fraction found in primary cell walls and middle lamella of 

plant cells, and it consists of linear chains of 1,4-linked α-D-galacturonic acid units 

(Watkins 2017).  The carboxyl groups at C6 of galacturonic acid residues of pectin exist 

in free or methyl esterified form.  Therefore, International Pectin Producers Association 

(IPPA) classifies pectin depending on DE (high methoxyl pectin: DE> 50%; low 

methoxyl pectin: DE< 50%).   
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Figure 2.5. Schematic representation of pectin structure with its main components 

(Source: Harholt, Suttangkakul, and Scheller 2010) 

 

Pectin is commonly utilized in the food industry due to its unique techno-functinal 

properties as an emulsifier, thickening, gelling agent, and stabilizer and also provides an 

important source of dietary fiber, which may have therapeutic properties (Lara-Espinoza 

et al. 2018; Normand et al. 2021).  

Pectin's ability of pectin to serve several purposes is attributed to the molecule's unique 

composition affected from source of extraciton and extraction methods (Roman-Benn et 

al. 2023).  In addition, it attracts the attention of researchers with its high biodegradability, 

insolubility in non-polar solvents, high solubility in water, non-toxicity and ability to form 

tasteless, odorless and colorless forms (Cerqueira et al. 2023b). 

Pectins can be utilized to produce film/coating matrices either alone or with other 

compatible polymeric components (Lazaridou and Biliaderis 2020). Due to poor oxygen 

and water vapor barrier properties, industrial use of pectin films and coatings is limited 

(Minh et al. 2020). The objective of this study was development of multipurpose citrus 

pectin-based edible films showing moisture barrier and antimicrobial properties at the 

same time. 
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  CHAPTER 3  

 

MATERIALS and METHODS 

3.1. Materials 

Citrus pectin was purchased from Sigma Aldrich Co., Ltd (İzmir, Turkey). Glycerol and 

Tween 80 (hydrophilic/lipophilic balance, HLB = 15.0) were purchased from Merck 

(Darmstadt, Germany). Listeria innocua NRRL-B 33314 (ATCC 1915) and Escherichia 

coli RSHM 4024 (ATCC 25922) were from culture collection of the microbiology 

laboratory of the Department of Food Engineering at Izmir Institute of Technology. All 

chemicals used in the study were analytical grade unless otherwise mentioned and 

purchased from Sigma Aldrich Co., Ltd. (İzmir, Turkey). 

3.2. Methods 

3.2.1. Film preparation 

3.2.1.1. Control Pectin 

For this purpose, 3% (w/w) pectin solution was prepared and heated with constant stirring 

until it reached 60°C. After the solution was cooled to room temperature, it was treated 

at 10,000 rpm for 1 min using a homogenizer (Heidolph, Germany, rotor ɸ = 6.6 mm 

Tip). Then %30 (w/w of pectin) or 15% (w/w of pectin) was added as a plasticizer and 

the mixture was mixed for 15 minutes. Finally, the film solution was homogenized at 

10,000 rpm for 4 minutes, and 10 g of the film solution was poured into a glass petri dish 

(inner diameter 10 cm) and dried in a controlled test cabinet at 25°C and 50% RH for 24 

hours. 
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10 g portions of film-forming solution were poured into petri dishes (10 cm in diameter), 

and the dishes were dried at 25°C and %50 RH for 24 h. The films peeled-off from the 

Petri dishes were used in different analyses. The cross-linked films were obtained by 

treating dried films with 3% (w/w) CaCl2 solution and drying films again in the controlled 

test cabinet at 25°C and 50% RH for 24 h. All pectin films were prepared in duplicate. 

3.2.1.2. Preparation of Pectin-Bees Wax Composite Film 

3% (w/w) pectin solution was prepared and heated with constant stirring until it reached 

90°C. After reaching the desired temperature, the pectin solution was homogenized at 

10,000 or 20,000 rpm for 1 minute. Then, 40% or 30% (w/w of pectin) beeswax, 15% or 

30% (w/w of pectin) glycerol and 1% (w/v) tween 80 pectin solution were added. It was 

then left in a water bath at 90 degrees for 30 minutes. The film solution was homogenized 

for 4 minutes at 10,000 or 20,000 rpm and 10 g of the film solution was poured into a 

glass petri dish (inner diameter 10 cm) and dried for 24 hours at 25°C and 50% RH in a 

controlled test cabin. The cross-linked films were obtained by treating dried films with 

3% (w/w) CaCl2 solution and drying films again in the controlled test cabinet at 25 °C  

and 50% RH for 24 h. All pectin films were prepared in duplicate.  

3.2.1.3. Preparation of Pectin-Carnauba Wax Composite Film  

3% (w/w) pectin solution was prepared, but this time it was heated to 95°C due to the 

high melting point of the carnauba wax. After reaching the desired temperature, the pectin 

solution was homogenized at 10,000 rpm for 1 minute. Then, 30% (w/w of pectin) or 

20% (w/w of pectin) carnauba wax was added and heated at 95°C for 30 min. Then, 15% 

(w/w of pectin) glycerol and 1% (w/v) tween-80 were added. Then it was mixed at 95°C 

for 15 minutes. 

After mixing at 95°C for 15 minutes, for control carnauba-pectin composite films; the 

mixture was homogenized at 10,000 rpm for 7 minutes, for carnauba-pectin films with 

carvacrol; the mixture was homogenized at 10,000 rpm for 2.5 minutes, then 1%, 2% or 

3% (w/v) carvacrol was added, homogenization continued same setting for 4.5 minutes. 
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After homogenization 1 minute mixing was done and 10 g of the film solution was poured 

into a glass petri dish (inner diameter 10 cm) and dried in a controlled test cabinet at 25°C, 

50% RH for 24 hours. 

Table 3.1. Different ratios of components for preparing films and their symbols in the 

current research 

GLY (%w/w) CW (w/w) BW (w/w) CAR 

(%w/v) 

CaCI2 

(3% v/v) 

Film symbol 

15 
 

PE-GLY15 

30 PE-GLY30 
 

15 

 
30 

  
PE-BW30-GLY15 

40 
 

PE-BW40-GLY15 

30 1% PE-BW30-GLY15-Ca++ 

40 1% PE-BW40-GLY15-Ca++ 
 

30 

 
30 

  
PE-BW30-GLY30 

40 
  

PE-BW40-GLY30 

30 
 

1% PE-BW30-GLY30-Ca++ 

40 
 

1% PE-BW40-GLY30-Ca++ 
 

15 

20 
   

PE-CW20-GLY15 

30 
 

PE-CW30-GLY15 

30 1% PE-CW30-GLY15-CAR1% 

30 2% PE-CW30-GLY15-CAR2% 

30 3% PE-CW30-GLY15-CAR3% 

 

3.2.2. Film Characterization 

3.2.2.1. Water Vapour Permeability of Films 

WVP of pectin films was measured according to ASTM Standard Method E96 (ASTM, 

2016) using Payne permeability cups (Elcometer 5100, UK). (ASTM, 2016). A film 

(diameter: 6 cm) and an O-ring were placed on top of each cup containing 3 g of dried 

silica beads, and the cups were closed with a metal ring with three screw clamps. 



14 

 

The cups were weighed and placed in a controlled test cabinet (TK 120, Nüve, Turkey) 

at 25°C and 50% relative humidity. The cups were weighed periodically over 72 hours 

and the measured weights were plotted versus time. To calculate WVP according to the 

equation 1, the linear portion of the curve with at least five data points was used (R2 ≥ 

0.99), where G is the weight change from the straight line (g), L is the thickness of the 

film (mm), t is the time (day), A is the test area (m2 ), S is the saturation vapor pressure 

at test temperature (3.169 kPa at 25°C, R1 the relative humidity of the test chamber (50%) 

and R2 the relative humidity in the dish (0%). Four independent tests per film were 

performed. 

 

3.2.2.2. Film Solubility 

The solubility of films were determined according to the method described by Pérez et al. 

2016. Films (15 mm × 7.5 mm) were dried in a vacuum oven (Barnstead Lab-Line, Model 

3608-6CE, USA) at 70°C for 24 h and weighed. Film pieces were placed in a test tube 

containing 10 mL of distilled water, and then were shaken with an orbital shaker (IKA, 

OS 5 Basic, Germany) at 240 rpm for 24 h and placed in an incubator at 25°C and %50 

RH. The solids remaining in the tube were filtered and the insoluble dry matter content is 

collected and dried to constant weight with hot air at 105°C. Eight pieces of each film 

were tested. Membrane solubility (%) was determined from the equation 2. 

 

3.2.2.3. Morphological Properties of Films by AFM and SEM 

The surface topographical images of the films were obtained by atomic force 

microscopy (AFM, MMSPM Nanoscope 8 from Bruker, USA) in an intermittent-contact 

mode in the air with silicon tips (resonance frequency approximately 340 kHz, spring 

constant approximately 40 N m-1, tip radius 8 nanometer). Captured images (at least 4 per 
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sample) were analyzed using Nanscope Analysis software v.1.5 (Bruker, USA). The 

surface and cross-sectional morphology of the pectin films were examined using scanning 

electron microscope (SEM, 250 Quanta FEG, FEI Corporation, USA). The films were 

first freeze-dried and then placed into liquid nitrogen and crashed for SEM examination. 

The samples were then gold-coated using a sputter coater (Emitech K550X, Quorum 

Technologies Inc., UK) at 10 mA for 60 s. 

3.2.2.4. Transparency 

Film transparency was determined according to ASTM 2002b  with modifications of the 

method described by Pérez et al. (2016). The transparency of the films was measured 

using a spectrophotometer at 600 nm. A rectangular piece of film (30 × 10 mm2) was 

placed in the spectrophotometer cell and measured against the empty cell as a blank. Each 

film was tested in eight replicates. Transparency was calculated using equation 3 where 

b is the film thickness (mm). 

 

3.2.2.5. Mechanical Properties of Films  

Using a Texture Analyzer TA-XT2 (Stable Microsystems, Godalming, UK), the tensile 

strength at break (TS), elongation at break (EAB), and Young's modulus (YM) of films 

were determined according to ASTM Standard Method D 882–02 (ASTM 2002a). The 

films were dried in a controlled test cabinet at 25°C and 50% relative humidity (RH) for 

24 h before testing. Then, the films were cut into 50 mm long and 8 mm wide strips. The 

initial grip distance was 50 mm, and the drawing speed was 50 mm min-1. Minimum eight 

strips of each film were tested. The thickness of films was measured by using a 

micrometer (Chronos, UK). 
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3.2.2.6. Test of Film Antimicrobial Activity  

Antimicrobial activity tests were performed using Listeria innocua (ATCC 1915) and 

Escherichia coli (ATCC 25922) as test microorganisms. The overnight cultures were 

prepared in nutrient broth and all incubations were conducted at 37°C. For antimicrobial 

testing, film discs (diameter: 1.3 cm) were prepared using a cork borer drill under sterile 

conditions. Antimicrobial activity test was conducted as two replicates. Twelve discs (2 

disc was placed per Petri dish) from each film were tested at each replicates. The discs 

were placed carefully onto petri dishes containing nutrient agar on which 0.1 mL culture 

was spread. The petri dishes were incubated for 24 h at 37°C and the area of the fully 

formed zones observed was determined by measuring the zone diameter with a caliper. 

3.2.2.7. Statistical Analysis 

The data obtained from the analyses in triplicates and expressed as the mean value ± 

standard deviation. The statistical analysis was performed using Minitab (Version 18.1., 

Minitab Inc., United States). Statistically significance analysis was obtained using one-

way ANOVA with Fisher’s post hoc test with 95% confidence level (P < 0.05). 
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  CHAPTER 4  

 

RESULTS AND DISCUSSIONS 

 

This thesis aimed development of multipurpose citrus pectin-based edible films showing 

moisture barrier and antimicrobial properties at the same time. For this purpose, firstly 

pectin (PE) was composited with a low and high melting point waxes (carnauba wax 

(CW) with a m.p of 82-86oC and beeswax (BW) with a melting point of 62-66oC) to 

determine most successful moisture barrier films with lowest water vapour permeability 

(WVP) values.  

4.1. Development of moisture barrier pectin films by compositing with 

beeswax  

4.1.1. Water vapour permeability of pectin-beeswax composite films 

4.1.1.1. Effect of beeswax and glycerol concentrations on water vapour 

permeability of films obtained without CaCl2 cross-linking 

During studies with PE-BW composite films, different concentrations of glycerol (GLY) 

(15% or 30%, w/w of PE) and BW (30% or 40%, w/w of PE) were tried to improve 

moisture barrier properties of films. The effects of BW and GLY concentrations on WVP 

of different composite films are shown in Figure 4.1.  The results clearly showed that 

GLY concentration showed a remarkable effect on WVP of pristine PE films.  For, 

example, reduction of GLY concentration of pristine PE films from 30% to 15% caused 

drop of WVP from 8.1 to 3.45 g mm/m2.day.kPa.  In contrast, the effect of BW 

concentration on WVP depend on GLY concentration of films. For films plasticized with 

30% GLY, the WVP of 8.1 g mm/m2.day.kPa for pristine PE film dropped to 4.6 and 4.3 

g mm/m2.day.kPa by addition of 30 and 40% BW, respectively.  However, the addition 

of BW at 30 or 40% increased and did not affect the WVP of films plasticized with 15% 
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GLY, respectively.  In fact, the pristine PE film plasticized with 15% GLY showed the 

lowest WVP of films obtained without CaCl2 (3% w/v) cross-linking.  This finding clearly 

proved that minimization GLY concentration is a more effective moisture barrier strategy 

than addition of BW without CaCl2 (3% w/v) cross-linking. 

 

Figure 4.1. Effect of beeswax and glycerol concentrations and CaCI2 induced cross-            

linking on water vapour permeabilities of different pectin-beeswax 

composite films (Different letters indicate significantly different values  at P 

< 0.05).   

 4.1.1.2. Effect of beeswax and glycerol concentrations on water vapour 

permeability of films obtained with CaCl2 cross-linking 

The CaCl2 cross-linking is another factor that could affect the WVP of developed films. 

However, is should be reported that this effect cannot be observed for pristine PE films 

as these films become highly brittle and could not be peeled off from petri dishes.  In 

contrast, the PE-BW films did not turn brittle by CaCl2 cross-linking, thus, allowed 

investigation of its affect in PE-BW composite films.  It is noteworthy to note that the 

increase of BW content from 30 to 40% became a significant factor on WVP for films 

plasticized with 30% or 15% GLY when films were cross-linked with CaCl2.  In fact, the 

CaCl2 cross-linked PE-BW films with 40% BW showed the lowest WVP without 

affecting from GLY content.  These findings clearly showed that the improved structural 
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integrity of pectin film matrix by CaCl2 cross-linking prevented the negative effects of 

plasticizer GLY on film WVP.  Moreover, it is also clear that the tightening of film matrix 

with CaCl2 cross-linking provided BW granules a more compact arrangement that show 

barrier effect on moisture.  

4.1.2. Mechanical properties of pectin-beeswax composite films 

The analysis of mechanical properties in edible films and coatings offers valuable insights 

into their anticipated durability. Furthermore, these properties can elucidate the films' and 

coatings' capacity to safeguard food products throughout the entire supply chain, from 

production to consumption (Arfat et al. 2021).  The mechanical properties of films 

changed at a narrow range.  The TS of films varied between 5.83 and 14.6 MPa while 

EAB values varied between 1.18 and 6.81%, and YM varied between 3.05 and 9.03 MPa 

(Table 4.1). The composite film-making with BW did not cause marginal changes in the 

mechanical properties of PE films.  However, the lowest tensile strength was observed 

for PE-BW30-GLY15-Ca++ while the highest tensile strength was observed for PE-

BW40-GLY15-Ca++. Thus, it appeared that increased wax concentration resulted with an 

increase in TS of CaCI2 cross-linked PE-BW films.  Similarly, due to limited changes in 

film properties it is hard to inform marginal effects of GLY concentration and CaCI2 

induced cross-linking on mechanical properties of films.  It is also important to report that 

films of PE-GLY15, PE-BW40-GLY15, PE-BW40-GLY15-Ca++ and PE-BW30-

GLY15-Ca++ showed significantly higher Young’s modulus (greater stiffness) than the 

other films.  All these films are among those with 15% GLY.  Thus, it is clear that the 

stiffness is a parameter highly affected from the plasticizer content.  The first three of 

these films performed well in the WVP tests while the last film was not a good performer 

in WVP test.  One of the good performers of WVP test was PE-BW40-GLY15-Ca++, but 

this film gave a low Young’s modulus value.  Thus, it appeared that stiffness might be 

related with moisture barrier properties, but it is not the only factor determining the 

moisture barrier performance of films.  Further studies are needed to compare other 

properties of films such as surface hydrophobicity and tortuosity.   
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Table 4.1. Effect of beeswax and glycerol concentrations and CaCI2 induced cross-

linking on mechanical properties of different pectin-bees wax composite films 

Film Composition GLY 

(w/w) 

BW 

(w/w) 

CaCl2 

(3%, 

w/v) 

TS 

(MPa) 

EAB(%) YM (Mpa) 

PE-GLY30 30% - - 10,86±1,14
bcd 

4,56±2,13bc 4,79±0,90c 

PE-GLY15 15% - - 12,43±2,68
ab 

2,04±0,53ef 8,55±0,20ab 

PE-BW30-GLY30 30% 30% - 9,10±2,53d

e 

4,48±1,28bc 3,84±1,41cd 

PE-BW30-GLY30-

Ca++ 

30% 30% + 13,97±3,81
a 

6,81±2,29a 4,27±0,95cd 

PE-BW30-GLY15 15% 30% - 7,83±1,63ef 5,22±0,79b 3,05±0,79d 

PE-BW30-GLY15 -

Ca++ 

15% 30% + 5,83±3,77f 1,18±0,41f 7,25±1,92b 

PE-BW40-GLY30 30% 40% - 7,17±1,90ef 2,38±0,81de

f 

3,17±1,30d 

PE-BW40-GLY30 -

Ca++ 

30% 40% + 9,40±3,44c

de 

3,05±2,42cd

e 

4,50±0,97cd 

PE-BW40-GLY15 15% 40% - 12,27±2,55
abc 

1,63±0,44ef 9,03±1,86a 

PE-BW40-GLY15 -

Ca++ 

15% 40% + 14,60±2,31
a 

3,71±1,02cd 6,77±0,59b 

*Values are given as mean ± standard deviation. Values shown in each row indicated by 

different letters are significantly different (P < 0.05). 

4.1.3. Film thicknesses and transparencies of pectin-beeswax 

composite films 

The thicknesses of pristine PE films and PE-BW composite films are presented in Figure 

4.2.  Incorporation of beeswax (BW) resulted in a significant increase (p < 0.05) in film 

thickness.  In fact, the thickness (µm) of pristine PE-GLY30 film with 30% glycerol 

increased from 33 µm to 73 µm and 61µm by addition of 30 or 40% beeswax wax, 

respectively.  Similarly, the thickness (µm) pristine PE-GLY15 film increased from 33 

µm to 81 µm and 66 µm by addition of 30 or 40% beeswax wax, respectively.  The 

difference in GLY concentration did not affect thickness significantly (p < 0.05).  Thus, 

it is clear that the packaging of wax particles within the films is highly effective on film 

thickness.  These findings compare well with the literature as Syahida et al. (2020) also 

observed an increase in the thickness of Ca-pectate films with incorporation of palm wax. 
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Figure 4.2: Effect of beeswax and glycerol concentrations and CaCI2 induced cross-

linking on thickness and transparency of different pectin-beeswax composite 

films. Different letters indicate significantly different values at   p < 0.05. The 

capital letters are for values of  transmittance values. Lower case letters are 

for thickness values). 

4.1.4. Morphology of pectin-beeswax composite films in SEM and 

AFM 

The SEM cross-sections of pristine PE films (PE-GLY15, PE-GLY15-Ca++ and selected 

PE-BW composite films, those performed well in WVP test (PE-BW40-GLY15, PE-

BW40-GLY15 -Ca++ are seen in Fig. 4.8. The pristine PE films with or without CaCI2 

cross-linking showed a dense cross-section free from large voids, cracks and pores (Fig 

4.8A and 4.8B).  The PE-BW films also lacked cracks and large pores at cross-section, 

but numerous tiny wax droplets, and melt hairy branched wax aggregates were apparent 

at the cross-sections of films (Fig. 4.3C and 4.3D).  The tiny micro-sized blisters (possibly 

wax particles embedded into films) were also observed partially at surfaces of films 

obtained with CaCI2 cross-linking. It should also be noted that the PE-BW40-GLY15 -
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Ca++ had a denser cross-section than PE-BW40-GLY15. This finding clearly showed the 

beneficial effect of CaCI2 cross-linking to achieved low WVP values. 

 

 

Figure 4.3. SEM cross section images of different films: (A) PE-GLY15 (B) PE-GLY15-

Ca++ (C) PE-BW40-GLY15 (D) PE-BW40-GLY15 -Ca++  

 

The AFM surface images of pristine PE films (PE-GLY15, PE-GLY15-Ca++) and 

selected PE-BW composite films, those performed well in WVP test (PE-BW40-GLY15, 

PE-BW40-GLY15 -Ca++) are also seen in Fig. 4.4.  The pristine PE films obtained with 

or without with CaCI2 cross-linking contained too rough surfaces interrupted with sharp 

peaks, but no visible pores were observed at their surfaces (Fig 4.4A and 4.4B).  In 

contrast, the PE-BW40-GLY15 had a less rough surface interrupted with several 

broadened peaks (Fig 4.4C) while PE-BW40-GLY15 -Ca++ films showed a smooth 

surface interrupted with several large craters having high and keen side walls (and 4.9D). 

However, the surfaces of both PE-BW composites also lacked deep pores. It seemed that 

the broadened peaks and large craters observed at composite surfaces are formed by 

melted embedded wax particles.    
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Figure 4.4: Topografic images of pectin-bees wax films: (A) PE-GLY15 (B) PE-GLY15-

Ca++ (C) PE-BW40-GLY15 (D) PE-BW40-GLY15 -Ca++  

4.2. Development of moisture barrier pectin films by compositing with 

carnaubawax  

4.2.1. Water vapour permeability of pectin-carnauba wax composite 

films 

This part of the thesis involves use of carnauba wax (CW) in place of BW. 

4.2.1.1. Effect of carnauba wax concentration on water vapour 

permeability of films 

The studies with BW showed that the GLY concentration of 15% gave films with much 

lower WVP than GLY concentration of 30%.  Thus, the GYL concentration was fixed at 

15% for studies with CW.  Moreover, the preliminary studies with CW showed that this 
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wax having higher melting point (m.p.= 82-86oC) than BW (m.p.= 62-66oC) cannot be 

used at the concentration of 40% (w/w of pectin). Thus, CW concentrations of 20 and 

30% and GLY concentration of 15% were employed for the development of PE-CW 

composite films.  Finally, composite films with CW became too brittle by CaCI2 cross-

linking, thus, they cannot be peeled from casting surface.  Therefore, CaCI2 cross-linking 

was also not applicable for PE-CW films.  The results of WVP are presented in Figure 

4.2. It is clear that CW is highly effective is reducing WVP of pectin-based composite 

films.  The lowest WVP obtained with BW was 1.58 mm/m2.day.kPa for PE-BW40-

GLY15-Ca++ film.  In contrast, PE-CW20-GLY15 and PE-CW30-GLY15 films gave 

WVP values of 0.34 and 0.16 mm/m2.day.kPa that were almost 4.6 and 9.9-fold lower 

than that of PE-BW40-GLY15-Ca++ film.  It is also important to note that these results 

meant that PE-CW30-GLY15 films also showed almost 50 and 24-fold lower WVP than 

pristine PE-GLY30 and PE-GLY15 films, respectively.  Therefore, it was decided that 

the PE-CW films are more suitable for development of antimicrobial high moisture 

barrier films than PE-BW films.     

4.2.1.2.  Effect of carvacrol concentration on water vapour 

permeability of films 

Carvacrol (CAR), a major antimicrobial essential oil component naturally found in 

oregano essential oil, was chosen as an antimicrobial to obtain antimicrobial high 

moisture barrier films.  The effect of CAR incorporation on WVP of PE-CW films at 1, 

2 and 3% concentrations are also given in Fig. 4.5.  It is clear that the addition of CAR at 

1 and 2% increased the WVP of PE-CW films significantly at a concentration dependant 

manner while composite films with CAR at 2 and 3% showed similar WVP values.  Thus, 

is appeared that the maximum concentration of CAR should be 1%.  It is important to 

note that PE-CW30-GLY15-CAR1% films shill showed better moisture barrier properties 

that pristine PE films and PE films incorporated with CAR AT 1%.  The WVP of 1.47 

mm/m2.day.kPa determined for PE-CW30-GLY15-CAR1% film was 2.4-fold lower than 

WVPs of pristine PE-GLY15 film and PE-GLY15-CAR1% film, respectively.  This 

result clearly proved that PE-CW30-GLY15-CAR1% is still a moisture barrier film 

superior than pristine or CAR incorporated PE films.  
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Figure 4.5. Effect of carnauba wax and carvacrol concentrations on water vapour 

permeabilities of different pectin-carnauba wax composite films (Different 

letters indicate significantly different values at P < 0.05). 

4.2.2. Mechanical properties of pectin-carnauba wax composite films 

The effects of incorporating CW and CAR into PE films are seen in Table 4.2.  The TS 

values of PE-GLY15, PE-CW20-GLY15, and PE-CW30-GLY15 showed that addition 

of CW cuased limited changes in TS, EAB, and YM of films, respectively.  However, 

incorporation of CAR alone or CW and CAR caused more remarkable changes in 

mechanical properties of films.  It is important to note that the PE-GLY15-CAR1% 

showed the highest TS that indicate positive contribution of CAR on TS of pristine PE  

film. It seemed that the interaction of CAR with PE chains via H-bonding enhanced the  

mechanical strength of PE films.  In contrast, incorporation of CAR into PE-CW films  

resulted with significant reductions in TS of films, indicating interruption of the network  

formed between CAR and PE by the extensive wax particles.  In fact, the antimicrobial  

moisture barrier film developed (PE-CW30-GLY15-CAR1%) showed one of the lowest  

TS of PE-CW composites.  In general, the EAB and YM of films varied within a narrow 

 range, but it is important to note that the PE-CW30-GLY15-CAR3% film showed the  

lowest stiffness indicating loosening of the film-forming interacitons within the PE-CW  



26 

 

composites at the highest concentraiton of CAR.  Thus, it is clear that the incorporation  

of CAR caused weakening of the mechanical strenths of PE-CW films.  

 

Table 4.2 Effect of carnauba wax, glycerol and carvacrol concentrations on mechanical 

properties of different pectin-carnauba wax composite films 

Film Composition GLY 

(w/w) 

CW 

 (w/w) 

CAR 

(w/v) 

TS 

(MPa) 

EAB(%) YM (Mpa) 

PE-GLY30 30% - - 10,86±1,14c 4,56±2,13a 4,79±0,90d 
PE-GLY15 15% - - 12,43±2,68b 2,04±0,53c 8,55±0,20a 

PE-GLY15-CAR1% 15% - 1% 18,84±0,93a 4,38±1,06a 7,79±1,58a 
PE-CW30-GLY15 15% 30% - 10,41±2,51c 3,64±1,51ab 5,66±0,69c 

PE-CW20-GLY15 15% 20% - 13,44±0,94b 4,25±0,86a 6,79±0,50b 

PE-CW30-GLY15-CAR1% 15% 30% 1% 5,16±0,56e 1,35±0,17c 5,50±0,59cd 

PE-CW30-GLY15-CAR2% 15% 30% 2% 8,71±1,39d 2,51±0,36bc 5,12±0,71cd 
PE-CW30-GLY15-CAR3% 15% 30% 3% 5,18±1,10e 1,80±0,51c 3,89±0,16e 

*Values are given as mean ± standard deviation. Values shown in each row indicated by 

different letters are significantly different (P < 0.05). 

4.2.3. Antimicrobial Activity of pectin-carnauba wax composite films 

Antimicrobial packaging plays a crucial role in inhibiting the growth of bacteria and fungi 

on food products. This active packaging method serves as a valuable alternative to 

traditional packaging for extending the shelf life of food products.  Antimicrobial effect 

of CAR incorporated PE-CW composite films on Listeria innocua and E.coli are given 

in Table 4.3 and Figure 4.6.  The CAR showed antimicrobial activity on both bacteria at 

a concentration dependant manner.  The highest antimicrobial activity was observed 3% 

(w/v) CAR while the lowest antimicrobial effect was observed for PE-CW30-GLY15-

CAR1%.  PE-CW30-GLY15-CAR1% also showed slightly lower antimicrobial effect 

than PE-GLY15-CAR1%, suggesting slower release of CAR from PE-CW composite. 

The zones determined for discs of CAR loaded PE-CW films against L. innocua and 

E.coli are also provided in Figure 4.7 and 4.8.  It is worth to inform that although zones 

were identified against both bacteria they were sharper (zones were clearer) against E.coli 

than those against L. innocua.   
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Table 4.3. Antimicrobial effect of carvacrol incorporated pectin-carnauba wax 

composite films on Listeria innocua and E.coli 

 

Film 

Composition Zone inhibition area 

(cm2) 

GLY 

(w/w) 

CW 

 (w/w) 

CAR 

(w/v) 

L. innocua E.coli 

PE-GLY15 15 - - 1,2±0,1 0±0 

PE-GLY15-CAR1% 15 - 1% 9,4±1,1 2,2±0,2 

PE-CW30-GLY15 15% 30% - 4,3±0,8 0±0 

PE-CW30-GLY15-CAR1% 15% 30% 1% 6,2±0,5 1,5±0,4 

PE-CW30-GLY15-CAR2% 15% 30% 2% 16±2,7 7,3±0,1 

PE-CW30-GLY15-CAR3% 15% 30% 3% 19,4±1,1 10,5±2,2 

 

 

 

 

Figure:4.6: Antimicrobial effect of carvacrol incorporated pectin-carnauba wax 

composite  films on Listeria innocua and E.coli 
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Figure 4.7: Antimicrobial effect of different films on L. innocua 1-PE-GLY15;  2-PE-

CW30-GLY15; 3-PE-CW30-GLY15-CAR1%; 4-PE-CW30-GLY15-

CAR%1; 5-PE-CW30-GLY15-CAR%2; 6-PE-CW30-GLY15-CAR3%  

 

 

 

 

Figure 4.8:  Antimicrobial effect of different films on E.coli 1-PE-GLY15; 2-PE-CW30-

GLY15; 3-PE-GLY15-CAR1%; 4-PE-CW30-GLY15-CAR%1;  5-PE-

CW30-GLY15-CAR%2;  6-PE-CW30-GLY15-CAR3% 

4.2.4. Film thicknesses and transparencies of pectin-carnauba wax 

composite films 

The thicknesses of PE and PE-CW composites are seen in Figure 4.9.  In general, the PE-

CW composite films were thicker than pristine PE films with the exception of PE-CW30-
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GLY15-CAR%1.  The highest film thickness was observed for PE-CW30-GLY15-

CAR%2 and PE-CW30-GLY15-CAR%3 films. It seemed that CAR at high 

concentrations caused some major changes in films morphology.   The incorporation of 

CW or CAR reduced the film transparency significantly.  However, addition of both BW 

and CAR caused the highest reductions in film transparency.  

 

Figure 4.9: Effect of carnauba wax, glycerol and carvacrol concentrations on thickness 

and transparency of different pectin-carnauba wax composite films (Different 

letters indicate significantly different values  at P < 0.05. The capital letters 

are for values of  transmittance values. Lower case letters are for thickness 

values). 

 

4.2.5. Morphology of pectin-carnauba wax composite films in SEM and 

AFM 

The SEM cross-section images of PE and PE-CW composite films are seen in Figure 

4.10. The PE-GLY15 films had a highly dense and pore free cross-section morphology 

(Fig. 4.10A).  The PE-CW30-GLY15 films were also highly dense, but filled with 

extensive number of wax particles (Fig 4.10B). The incorporation of CAR increased the 
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porosity for both PE and PE-CW films (Fig 4.10 C, D, E, F).  These results clearly showed 

why moisture barrier properties achieved by incorporation of CW was lost partially by 

incorporation of CAR.  

 

Figure 4.10: SEM cross section images of different films: (A) PE-GLY15; (B) PE-CW30-

GLY15; (C) PE-GLY15-CAR1%  (D) PE-CW30-GLY15 -CAR1% (E) PE-

CW30-GLY15 -CAR2% (F) PE-CW30-GLY15 -CAR3% 

 

The AFM of films are also seen in Figure 4.11. The pristine PE-GLY15 films showed a 

rough surface interrupted by sharp peaks (Fig. 4.11A) while PE-CW30-GLY15 films had 

a smoother surface interrupted by large valleys and broadened peaks.  The incorporation 

of CAR at 1% caused apparent deep pores on the rough surfaces of pristine PE film while 

CAR at 1% caused deep craters and pores at the surface of PE-CW films. Similar 

observations were also observed in PE-CW composite films with 2 and 3% CAR.  These 
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results confirmed SEM photos that also showed increased porosity of films by addition 

of CAR.   

 

Figure 4.11: Topografic images of pectin-bees wax films:  (A) PE-GLY15; B) PE-CW30-

GLY15; (C)PE--GLY15-CAR1%; (D) PE-CW30-GLY15 -CAR1% (E) PE-

CW30-GLY15 -CAR2% (F) PE-CW30-GLY15 -CAR3% 

 

4.2.6. Solubility of Films 

Prisdine PE films, PE-BW and PE-CW composite films all showed 100% solubility. This 

result clearly showed effective emulsification of both BW and CW within the PE film 

matrix. Thus, contact of films with water solubilizes films and suspended contents 

effectively. 
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  CHAPTER 5  

CONCLUSIONS 

 

Composites of citrus pectin films with different waxes have been successfully   obtained 

to develop moisture barrier packaging materials. Due to the high melting points of waxes 

the composites were formed by hot emulsification in the presence of an emulsifier under 

high-sheer homogenization. 

 Moisture barrier pectin-beeswax composite films were obtained only when films were 

cross-linked with CaCl2 and wax content was increased up to 40%. Moisture barrier 

pectin-carnauba wax films were obtained by incorporating 30% wax into films.  The 

CaCl2 cross-linking and wax concentrations higher than 30% were not applicable to 

pectin-carnauba wax films as these practices gave highly brittle composites without film 

integrity.  Pectin-carnauba wax composite films showed almost 50- and 10-fold better 

moisture barrier effect (lower WVP) than pristine pectin films and pectin-beeswax 

composite films, respectively. Therefore, carnauba wax was used for development of 

antimicrobial moisture barrier films. 

Antimicrobial moisture barrier pectin-carnauba wax composite films effective on both 

gram-positive and gram-negative pathogenic bacteria have been developed by 

incorporation of essential oil carvacrol into films. The incorporation of carvacrol 

interfered with the moisture barrier properties of pectin-carnauba wax composite films, 

but the obtained antimicrobial films still showed 5.5-fold better moisture barrier 

properties than pristine pectin films.  Moreover, they showed comparable moisture barrier 

properties with pristine pectin-beeswax composite films obtained by CaCl2 cross-linking. 

This thesis is one of the first example edible pectin film development studies targeting 

both moisture barrier properties and antimicrobial properties within the same film matrix.  

Further studies are needed to screen more antimicrobials that show less interference with 

moisture barrier properties of developed composite pectin-carnauba wax composite films. 

The antimicrobial moisture barrier pectin films might find food applications as self-

standing films or coatings for preservation of cheese blocks, sausages, intermediate 

moisture fruits and vegetables, and vegan food such as cheese and meat analogues. 
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Further studies are needed to develop innovative food applications with the developed 

films.     
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APPENDICES 

APPENDIX A. The Data Tables of The Experimental Findings 

Table A1. Effect of beeswax and glycerol concentrations and CaCI2 induced cross-

linking on water vapour permeabilities of different pectin-beeswax composite films 

 *Values are given as mean ± standard deviation. Values shown in each row indicated by 

different letters are significantly different (P < 0.05). 

 

 

 

 

 

 

 

 

Film Glycerol (w/w) Bees Wax (w/w) 
CaCl2 

(3%, w/v) 

WVP 

(g mm /m2 day 

kPa) 

PE-GLY30 30% - - 8,06±0,33a 

PE-GLY15 15% - - 3,45±0,36c 

PE-BW30-

GLY30 
30% 30% - 4,60±1,1b 

PE-BW30-

GLY30 -Ca++ 
30% 30% + 4,53±0,04b 

PE-BW30-

GLY15  
15% 30% - 4,45±0,35b 

PE-BW30-

GLY15 -Ca++ 
15% 30% + 4,89±0,14b 

PE-BW40-

GLY30 
30% 40% - 4,28±0,1b 

PE-BW40-

GLY30 -Ca++ 
30% 40% + 1,93±0,05d 

PE-BW40-

GLY15 
15% 40% - 3,08±0,23c 

PE-BW40-

GLY15 -Ca++ 
15% 40% + 1,58±0,46d 
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Table A2. Effect of carnauba wax, glycerol and carvacrol concentrations on water 

vapour permeabilities of different pectin-carnauba wax composite films 

 *Values are given as mean ± standard deviation. Values shown in each row indicated by 

different letters are significantly different (P < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Film Glycerol (w/w) 
Carnauba 

wax (w/w) 

CAR 

(w/v) 

 

WVP 

(g mm / m2 day 

kPa) 

PE-GLY30 30% - - 8,06±0,33a 

PE-GLY15 15% - - 3,45±0,36b 

PE-GLY15 -CAR1% 15% - 1% 3,52±0,18b 

PE-CW20-GLY15 15% 20% - 0,34±0,15e 

PE-CW30-GLY15 15% 30% - 0,16±0,09e 

PE-CW30-GLY15 -CAR1% 15% 30% 1% 1,47±0,31d 

PE-CW30-GLY15 -CAR2% 15% 30% 2% 2,50±0,29c 

PE-CW30-GLY15 -CAR3% 15% 30% 3% 2,43±0,24c 
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Table A3. Effect of beeswax and glycerol concentrations and CaCI2  induced cross-

linking on mechanical properties of different pectin-bees wax composite films 

Film 

Composition 
Glycerol 

(w/w) 

Beeswax 

(w/w) 

CaCl2 

(%3, 

w/v) 

TS 

(MPa) 

EAB(%) YM 

(Mpa) 

PE-GLY30 
30% - 

- 10,86± 

1,14bcd 

4,56± 

2,13bc 

4,79± 

0,90c 

PE-GLY15 
15% - 

- 12,43± 

2,68ab 

2,04± 

0,53ef 

8,55± 

0,20ab 

PE-BW30-

GLY30 30% 30% - 
9,10± 

2,53de 

4,48± 

1,28bc 

3,84± 

1,41cd 

PE-BW30-

GLY30-Ca++ 30% 30% + 
13,97± 

3,81a 

6,81± 

2,29a 

4,27± 

0,95cd 

PE-BW30-

GLY15 15% 30% - 
7,83± 

1,63ef 

5,22± 

0,79b 

3,05± 

0,79d 

PE-BW30-

GLY15 -Ca++ 15% 30% + 
5,83± 

3,77f 

1,18± 

0,41f 

7,25± 

1,92b 

PE-BW40-

GLY30 30% 40% - 
7,17± 

1,90ef 

2,38± 

0,81def 

3,17± 

1,30d 

PE-BW40-

GLY30 -Ca++ 30% 40% + 
9,40± 

3,44cde 

3,05± 

2,42cde 

4,50± 

0,97cd 

PE-BW40-

GLY15 15% 40% - 
12,27± 

2,55abc 

1,63± 

0,44ef 

9,03± 

1,86a 

PE-BW40-

GLY15 -Ca++ 15% 40% + 
14,60± 

2,31a 

3,71± 

1,02cd 

6,77± 

0,59b 

*Values are given as mean ± standard deviation. Values shown in each row indicated by 

different letters are significantly different (P < 0.05). 
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Table A4. Effect of carnauba wax, glycerol and carvacrol concentraitons on 

mechanicalproperties of different pectin-carnauba wax composite films 

Film 

Composition 
Glycerol 

(w/w) 

Carnauba 

wax (w/w) 

CAR 

(w/v) 

TS 

(MPa) 

EAB(%) YM 

(Mpa) 

PE-GLY30 
30% - 

- 10,86± 

1,14c 

4,56± 

2,13a 

4,79± 

0,90d 

PE-GLY15 
15% - 

- 12,43± 

2,68b 

2,04± 

0,53c 

8,55± 

0,20a 

PE-GLY15 -

CAR1% 15% - 
1% 18,84± 

0,93a 

4,38± 

1,06a 

7,79± 

1,58a 

PE-CW30-

GLY15 15% 30% - 
10,41± 

2,51c 

3,64± 

1,51ab 

5,66± 

0,69c 

PE-CW20-

GLY15 15% 20% - 
13,44± 

0,94b 

4,25± 

0,86a 

6,79± 

0,50b 

PE-CW30-

GLY15 -CAR1% 15% 30% 1% 
5,16± 

0,56e 

1,35± 

0,17c 

5,50± 

0,59cd 

PE-CW30-

GLY15 -CAR2% 15% 30% 2% 
8,71± 

1,39d 

2,51± 

0,36bc 

5,12± 

0,71cd 

PE-CW30-

GLY15 -CAR3% 15% 30% 3% 
5,18± 

1,10e 

1,80± 

0,51c 

3,89± 

0,16e 

*Values are given as mean ± standard deviation. Values shown in each row indicated by 

different letters are significantly different (P < 0.05). 
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Table A5. Effect of carnauba wax, glycerol and carvacrol concentrations on thickness 

and transparency of different pectin-carnauba wax composite films 

 *Values are given as mean ± standard deviation. Values shown in each row indicated by 

different letters are significantly different (P < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Film Composition 
Glycerol 

(w/w) 

Carnauba 

wax (w/w) 

 

CAR 

(w/v) 

 

Thickness 

(µm) 

 

Transmittance (%) 

PE-GLY30 30% - - 33±5e 51±7a 

PE-GLY15 15% - - 33±4e 52±11a 

PE-GLY15 -CAR1% 15% - 1% 42±3d 27±7b 

PE-CW20-GLY15 15% 20% - 58±12c 28±6b 

PE-CW30-GLY15 15% 30% - 62±7c 27±3b 

PE-CW30-GLY15-

CAR1% 
15% 30% 1% 39±5de 11±2c 

PE-CW30-GLY15 -

CAR2% 
15% 30% 2% 92±4b 

6±1d 

PE-CW30-GLY15 -

CAR3% 
15% 30% 3% 105±15a 

6±1d 
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Table 3. Effect of beeswax and glycerol concentrations and CaCI2 induced cross-

linking on thickness and transparency of different pectin-beeswax composite films 

**Values are given as mean ± standard deviation. Values shown in each row indicated by 

different letters are significantly different (P < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Film Composition 
Glycerol 

(w/w) 

Bees wax 

(w/w) 

 

CaCl2 

(3%, w/v) 

 

Thickness 

(µm) 

 

Transmittance (%) 

PE-GLY30 30% - - 33±5f 51±7a 

PE-GLY15 15% - - 33±4f 52±11a 

PE-BW30-GLY30 30% 30% - 73±5b 15±1d 

PE-BW30-GLY30 -

Ca++ 
30% 30% + 

61±4de 16±1cd 

PE-BW30-GLY15  15% 30% - 81±6a 24±6b 

PE-BW30-GLY15 -

Ca++ 
15% 30% + 

68±6c 23±3b 

PE-BW40-GLY30 30% 40% - 61±4e 20±3bc 

PE-BW40-GLY30 -

Ca++ 
30% 40% + 

66±9c 20±3bc 

PE-BW40-GLY15 15% 40% - 66±4cde 18±2cd 

PE-BW40-GLY15 -

Ca++ 
15% 40% + 

66±4c 15±2d 


