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RÉSUMÉ 

La protection des aliments sensibles à la dégradation par oxydation est un aspect crucial afin 

d’augmenter la durée de vie des aliments. Elle permet également de satisfaire les clients et d’assurer 

leur sécurité. Pour ce faire, les petits sachets sont les absorbeurs d’oxygène les plus couramment 

utilisés mais ils présentent plusieurs inconvénients comme être absorbés accidentellement par le 

consommateur ou se déchirer à l’intérieur de l’emballage. L’incorporation d’une molécule active 

dans la matrice polymère du film d’emballage est une approche de plus en plus courante dans le 

domaine des emballages actifs ; cependant ces absorbeurs d’oxygène ne sont pas aussi efficaces 

que les sachets. 

Un des principaux problèmes des pluparts absorbeurs d’oxygène est la nécessité d’être en contact 

avec l’humidité pour être activé ; Ces systèmes ne peuvent donc pas être utilisés pour des aliments 

secs. Bien que certains absorbeurs d’oxygène organiques puissent être activés sans humidité, ils ne 

sont souvent pas très efficaces car leur taux d’oxydation est très lent. En utilisant un catalyseur 

métallique classique (métal de transition) avec ces absorbeurs d’oxygènes organiques (basés sur 

des hydrocarbures insaturés), on peut réduire le temps d’induction et augmenter le taux 

d’absorption ; mais cela engendre des problèmes liés à l’utilisation du catalyseur, comme la 

transparence, des difficultés de mélange et de potentielle toxicité. 

Le but de ce travail est de développer un nouvel absorbeur d’oxygène, non toxique, avec un 

potentiel d’activation sans humidité pour les emballages alimentaires. 

Dans la première partie de ce travail, l’éthyle cellulose (EC) est choisi pour être la matrice 

polymérique due à sa haute perméabilité à l’oxygène. Le polybutadiène avec terminaison 

hydroxyle (Hydroxyl Terminated PolyButadiene, HTPB) est choisi comme absorbeur d’oxygène 

principal en raison de sa haute capacité d’oxydation. Des mélanges de ces deux matériaux à 

différentes compositions sont préparés par solution casting (dans un mélange toluène/éthanol) ou 

par électrofilage (dans un mélange toluène/eau). Le dioxide de titane (TiO2) est ajouté au mélange 

comme agent catalyseur et les propriétés d’absorption des échantillons ainsi préparés sont 

analysées. 
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La morphologie des mats électrofilés d’EC et des mélanges EC/HTPB est observée à l’aide d’un 

microscope électronique à balayage (MEB) afin d’étudier l’effet de l’addition de HTPB. Les 

observations ont montré qu’ajouter du HTPB améliore la qualité des fibres de la structure. 

L’analyse infrarouge par transformée de Fourrier (FTIR) ainsi que les analyses rhéologiques ont 

confirmé la stabilité et l’homogénéité des mélanges dans la solution éthanol/eau utilisée lors du 

procédé d’électrofilage. 

Les mesures d’absorption d’oxygène ont été réalisées sur les mats d’électrofilage ainsi que sur les 

films produits par solution casting, pour le EC pure et les mélanges EC/HTPB avec ou sans TiO2. 

Ces mesures ont démontré une très grande capacité d’absorption d’oxygène pour les mélanges 

catalysés au TiO2. Ainsi, ces résultats ouvrent la voie à un nouveau type d’absorbeurs d’oxygène 

catalysés ainsi qu’à une nouvelle voie de préparation à des applications en emballages alimentaires. 

Dans la deuxième partie de ce travail, le comportement de phase des mélanges EC/HTPB a été 

étudié. La présence d’une miscibilité partielle entre les deux composants est prédite grâce à 

l’utilisation de la FTIR et des théories de calcul de miscibilité basées sur les travaux de Coleman 

et Pantier. 

Les images MEB des mélanges à hautes compositions de HTPB ont montré des micro-domaines 

de ce polymère dans la matrice d’EC. De plus, des images réalisées par microscopie à force 

atomique (AFM) ont montré différents contrastes qui peuvent être traduits par la présence de phases 

de EC et HTPB miscibles. Des mesures de calorimétrie par balayage différentiel (Differential 

Scanning Calorimetry, DSC) conjuguées à des analyses de mécaniques dynamiques thermiques 

(Dynamical Mechanical Thermal Analysis, DMTA) ont permis de déterminer les températures de 

transition vitreuses de ces mélanges. Les résultats obtenus et comparés à ceux des matériaux purs 

ont permis de confirmer la présence d’une miscibilité partielle de ces mélanges, telle que prévue 

par les calculs théoriques. 

Dans la dernière partie de ce travail, le polyéthylène basse densité (Low Density PolyEthylene, 

LDPE) et l’acide polylactique (PolyLactic Acid) sont utilisés comme matrices polymériques avec 

le HTPB catalysé avec TiO2 comme absorbeur d’oxygène. Le LDPE et le PLA ont été choisis en 

raison de leur utilisation régulière pour ce type d’application. Les mélanges ont été préparés par 
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mélange en fondu puis cast-extrudés pour faire un film. Le PLA, en tant que polyester 

biodégradable contenant des groupes carboxyliques en fin de chaines, est un bon candidat pour 

générer des réactions avec le HTPB au cours du procédé de mélange en fondu. Le LDPE, étant un 

des polyoléfines le plus répandu, est également un bon choix pour être mélangé avec le HTPB. 

Afin d’améliorer la compatibilité entre le LDPE et le HTPB, une cire à base d’hydrocarbure est 

ajoutée au mélange à titre de compatibilisant, afin d’améliorer la dispersion du HTPB dans la 

matrice en LDPE. 

La morphologie des échantillons a été observée au MEB et à l’AFM et le comportement de phase 

des mélanges a également été analysé en DSC et DMTA. Les images de MEB et les topographies 

réalisées à l’AFM ont permis de distinguer les domaines dispersés de HTPB dans les matrices 

polymériques. Les analyses DSC et DMTA ont montré une probable extrusion réactive dans les 

mélanges PLA/HTPB, tel qu’attendu. 

Les mesures d’absorption d’oxygène ont été menées pour ces échantillons de films et les résultats 

ont montré une bonne activité catalytique du TiO2 pour l’oxydation du HTPB dans les mélanges. 

Ainsi, ce travail est une preuve de concept de fabrication d’absorbeurs d’oxygène par extrusion en 

fondu, appliqué à des matrices de LDPE et de PLA, et qui peut être étendue à une vaste gamme de 

polyoléfines et de polyesters. 
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ABSTRACT 

The protection of oxygen-sensitive food products against oxidative degradation is a crucial aspect 

to increase the food shelf life as well as the security of packaged food and fulfill customer needs. 

Oxygen absorbers in the form of small sachets are the most common available oxygen scavengers 

that are used, but there are some drawbacks associated with these types of scavengers such as being 

eaten unintentionally by consumers or being ruptured inside the package. Incorporation of active 

molecules into a polymeric matrix is a current approach in active packaging; however, available 

oxygen scavengers in active packaging films are not as efficient as sachets. 

One of the main issues with the most popular oxygen scavenging systems is the necessity of 

moisture presence to be activated; therefore, these scavenging systems are not applicable to dry 

food products. Although some available organic scavenging systems can be activated even in the 

absence of moisture, these systems are not very efficient because of their low oxidation rate. 

Applying classical transition metal catalysts to these organic scavengers based on unsaturated 

hydrocarbons will reduce the induction time and increase the absorption rate; but there are some 

problems associated with these classical catalysts such as affecting transparency, mixing 

difficulties and potential toxicity issues.  

In this work, we aim to develop a novel non-toxic oxygen scavenging system with the potential to 

be activated without the necessity of a high moisture presence to be used in food packaging 

applications. 

In the first part of this project, ethyl cellulose (EC) was selected as the polymeric matrix owing to 

its high permeability to oxygen, and hydroxyl terminated polybutadiene (HTPB) was chosen as the 

main oxygen absorber with the particular attention to its high oxidation capacity. Blends at different 

compositions were prepared by solution mixing followed by solution casting (in toluene/ethanol 

mixture) or electrospinning (in ethanol/water mixture) to prepare the scavenging samples. TiO2 

was added to the blends as an oxidation catalyst and the oxygen scavenging properties of prepared 

samples were examined.  
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The morphology of electrospun mats prepared from pure EC and EC/HTPB blends was observed 

using scanning electron microscopy (SEM) to investigate the effect of HTPB addition; the results 

depicted that adding HTPB ameliorated the tendency of the solution to obtain smoother fibrous 

structure. Fourier transform infrared (FTIR) in in single bounce attenuated total reflection (ATR) 

as well as rheological measurements verified the stability and homogeneity of our blend in 

ethanol/water solution utilized for the electrospinning process.  

Oxygen absorption measurements were done on electrospun mats as well as cast films for pure EC 

and EC/HTPB blends, with and without TiO2. The oxygen absorption measurements demonstrated 

that a highly efficient oxygen scavenging capacity was obtained in our catalyzed blends with TiO2. 

Thus, our results opened up a new innovative catalyzed scavenger along with applicable solution-

based techniques to prepare oxygen scavengers for packaging applications. 

In the second part of this work, the phase behavior of our oxygen scavenging blends of EC and 

HTPB was investigated. Here, the presence of partial miscibility was predicted using FTIR-ATR 

and theoretical calculations based on the miscibility guideline by Coleman and Painter 1. 

SEM images at higher compositions showed well dispersed trapped microdomains of HTPB in EC. 

In addition, atomic force microscopy (AFM) images depicted different contrasts, which could be 

translated to the presence of conjugated phases of EC and HTPB. Differential scanning calorimetry 

(DSC) measurements in conjunction with dynamic mechanical thermal analysis (DMTA) were 

carried out to study the glass transition temperatures of the blends. DMTA results verified the 

presence of partial miscibility predicted in our blends by drawing the glass transition of pure 

components together.  

In the last part, low density polyethylene (LDPE) and polylactic acid (PLA) were used as polymeric 

matrices for TiO2 catalyzed HTPB as the oxygen scavenger. LDPE and PLA were selected 

particularly for their common applications and our blends were prepared using melt blending 

followed by cast film extrusion; PLA as a biodegradable polyester with carboxylic groups at the 

end of the chains is a good choice for reactive melt blending with HTPB. LDPE, as one of the most 

common polyolefins, is an appropriate choice for melt blending with HTPB; to solve 



xi 

 

 

 

incompatibility issues between LDPE and HTPB, we proposed a hydrocarbon wax that could 

improve the dispersion of HTPB in LDPE as the matrix.  

The morphological structure of the samples was studied using SEM and AFM images, and the 

phase behavior of the blends was investigated using DSC and DMTA measurements. SEM images 

along with AFM topographies could distinguish dispersed domains of HTPB in polymeric 

matrices. Thermal analyses thermograms including DSC and DMTA illustrated that we most 

probably have a reactive extrusion in PLA/HTPB blends, as expected. 

Oxygen scavenging measurements were carried out on prepared films and the absorption results 

successfully verified the catalytic activity of TiO2 to catalyze the oxidation of HTPB in our blends. 

Thus, this work is a proof-of-concept of applicability of our novel scavenger in LDPE and PLA 

matrices which may widely include a range of polyolefins and polyesters, by melt extrusion.  
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1 

 INTRODUCTION 

Nowadays, proper packaging technologies remove unfavorable substances from the headspace of 

the package by absorption or scavenging. In many cases, food degradation is caused by oxygen 

which results in the proliferation of microorganisms such as bacteria and molds as well as 

infestation by insects. This oxidation accelerates at higher temperatures and moistures and 

consequently, reduces the food shelf life. There are physical and chemical methods to eliminate 

the oxygen inside the package. Modified atmosphere packaging (MAP) and vacuum packaging are 

known as the most common physical methods to extract the oxygen from inside the package 2. In 

chemical methods, the scavenging material can be directly incorporated into packaging film (active 

packaging) or be placed inside the package (sachets) 3, 4. Sachets are the most common chemical 

oxygen scavengers, but these efficient absorbers may be eaten unintentionally by consumers or 

ruptured accidentally inside the package 5. Active packaging can be a good solution if they could 

be more efficient 6, 7. 

One of the main drawbacks with most popular chemical scavenging systems such as inorganic 

powders scavengers is the necessity of moisture presence to be activated 8. However, some 

unsaturated organic scavenging systems can be activated even in the absence of moisture or at 

lower humidity. In these systems, classical transition metal catalysts have been applied to increase 

the oxidation rate and reduce the induction time 9-14, but these catalysts have drawbacks such as 

mixing issues and potential toxicities 15.  

In active packaging, the oxygen absorption efficiency is affected by permeability of the polymeric 

matrix to oxygen, higher oxygen permeability results in better oxygen scavenging efficiency. Thus, 

high oxygen barrier polymeric matrices such as ethylene vinyl alcohol (EVOH), polyvinylidene 

chloride (PVDC) or Polyamide (PA6) which limit the oxygen permeation may reduce the oxygen 

absorption properties. 

The main objective of the present research is to develop a novel, efficient, versatile, and non-toxic 

oxygen scavenging system in the type of active packaging that can be activated without the 

necessity of moisture presence to be used in food packaging applications. 

To aim this goal, hydroxyl terminated polybutadiene was applied as the main oxygen absorber in 

our systems with the particular attention to its high oxidation capacity as a liquid low molecular 
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weight unsaturated hydrocarbon16, and TiO2 was added as photocatalyst to catalyze the oxidation 

reactions. In the first part, EC was applied as the polymeric matrix owing to its high permeability 

to oxygen 17, 18 and the oxygen scavenging properties of ethyl cellulose/hydroxyl terminated 

polybutadiene (EC/HTPB) catalyzed blends with TiO2 was investigated as a proof of concept. 

Solution cast films and electrospun mats were prepared from solution mixtures. Electrospinning 

method is applied for the first time to prepare flexible mats, with oxygen scavenging properties. 

The second part of this work investigates the phase behavior of EC/HTPB blends to evaluate the 

presence of partial miscibility in our blends. In the last part, we explore TiO2 catalyzed HTPB 

blends by melt extrusion. Here, low density polyethylene (LDPE) and polylactic acid (PLA) were 

applied to examine the feasibility of applying our scavenger by melt extrusion method. Although 

EC has higher permeability to oxygen, LDPE and PLA are used for melt processing owing to their 

better processability. These polymers are applied as two most common applicable polymeric 

matrices in packaging industry which still have low oxygen barrier properties compared to high 

oxygen barrier polymers.  

The obtained results opened up a new window in the packaging industry with the potential to work 

by solution and melt extrusion techniques. 

This dissertation involves eight chapters and is arranged according to the main objective. Scientific 

articles have been submitted, and one U.S. Patent application is filed. 

Chapter 2 provides a literature review focused on various organic or inorganic active oxygen 

scavengers reported in patents or scientific articles covering the following aspects for each 

category: moisture dependency, oxidation mechanism, processing method and condition for 

blending scavenger with chosen polymer matrix, applying classical transition metal catalyst in 

unsaturated organic based scavengers, and introducing semiconductor photocatalysts particularly 

TiO2 as an alternative catalyst. Chapter 3 explains the main objective as well as specific objectives 

of this research, and organization of the articles. Chapter 4 presents oxygen absorption results of 

developed EC/HTPB based oxygen scavengers catalyzed with TiO2, by green electrospinning and 

solution casting methods. Chapter 5 discusses the phase behavior of partially miscible polymer 

blends of EC and HTPB prepared by solution method. Chapter 6 illustrates the oxygen scavenging 
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properties of developed TiO2 catalyzed HTPB based oxygen scavenging films by melt processing 

method in LDPE and PLA matrices. 

In Chapter 7 a general discussion with respect to the reported articles is presented. Finally, Chapter 

8 summarizes the most important conclusions of this thesis along with the summary, the originality, 

and suggested recommendations for future works. 
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 LITERATURE REVIEW 

The presence of oxygen causes deterioration in food products that results in oxidative degradation 

and proliferation of microorganism. This oxidation accelerates at high temperature, moisture and 

light exposure, which consequently reduces the food shelf life. Thus, it is important to reduce the 

amount of oxygen in the headspace of food products 6, 19, 20.There are physical and chemical 

methods to extract the oxygen from inside the package and increase the food shelf life as well as 

the security of packaged food.  

The most common physical methods to eliminate the oxygen from the headspace are modified 

atmosphere packaging (MAP) and vacuum packaging. There are some drawbacks to these 

methods; first, it is not possible to reduce the oxygen to less than 0.5-2 %, second, it is not possible 

to remove the permeated oxygen during the storage time. Even this little amount of oxygen is 

enough to oxidize the food product and reduce the shelf life 2-4. 

Chemical methods eliminate unfavorable oxygen from the headspace of the package by absorbing 

or scavenging. To aim this goal, scavenging material can be directly incorporated into the 

packaging film named active packaging, or can be placed inside the package named sachet. These 

chemical scavengers have the potential to decrease the headspace oxygen to the concentrations 

lower than 0.1% 3, 4. 

Sachets are the most common oxygen scavengers containing various iron-based or non-metallic 

compounds such as those including ascorbic acid. Sachets are usually efficient, but there is the 

possibility that they are eaten unintentionally by consumers or accidentally ruptured inside the 

package. Moreover, sachets cannot be used in liquid products 5. Oxygen scavengers in the form of 

active packaging have attracted many attentions. These active scavengers may contain polymer 

resins filled with metallic particles such as iron powder 5, or co-polyamides and co-polyesters 

obtained by grafting polyester chains with unsaturated polyolefins 16, 21, 22. It  is also known that 

natural free radicals such as alpha-tocopherol can be used as oxygen scavengers 23. Moreover, The 

illumination of a package containing a photosensitizing dye is another way to exclude the oxygen 

inside the package 24. The oxygen scavengers in active packaging can be an ideal option if they are 

efficient enough in absorbing oxygen 6, 7, 25. 
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There are some requirements associated with an appropriate oxygen scavenger; being harmless to 

the human body, not produce toxic species or undesirable gas or odor, scavenging oxygen at a 

proper rate and in large amounts as well as being cost effective. 

To select a suitable scavenging system, it is required to know the initial oxygen concentration in 

the headspace and trapped in the food, and to consider the amount of permeated oxygen through 

the packaging film during storage time. In addition, the product shelf life, its nature and water 

activity are some important parameters affecting the type of the selected oxygen absorber. 

Furthermore, to prevent rapid saturation of oxygen scavenger, high oxygen barrier resins such as 

EVOH and PVDC should be used at outer layers in packaging films or containers. If high barrier 

films are applied (<10 ml/m2.d.atm), the oxygen concentration may decrease and remain at those 

levels during the storage time. Otherwise, in high oxygen permeable films (>100 ml/m2.d.atm), 

even though the oxygen concentration inside the package is reduced, it reaches the outside oxygen 

level due to the saturation of the scavenger after a few days. 

In the next sections, different categories of oxygen scavengers are described based on reports in 

patents and scientific articles. 

2.1 Inorganic oxygen scavengers 

Most well-known available oxygen scavengers are those including metallic agents such as 

carbonated ferrous compounds, metallic platinum, and especially iron powder. As indicated below 

the mechanism of iron oxidation starts in the presence of moisture 26. 

𝐹𝑒 → 𝐹𝑒$% + 2	𝑒) 
1
2	𝑂$ + 𝐻$𝑂 + 2𝑒

) → 2	𝑂𝐻) 
𝐹𝑒$% + 2	𝑂𝐻) → 𝐹𝑒	(𝑂𝐻)$ 

𝐹𝑒	(𝑂𝐻)$ +	
1
4	𝑂$ +	

1
2 	𝐻$𝑂 → 𝐹𝑒	(𝑂𝐻)0 
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Figure 2.1 Experimental  and predicted (-) oxygen absorption of pre-humidified ATCO LH-

100 sachet in PVDC pouch containing air at 20 °C, 0% (filled) and 100 % (blank) humidity (2.55 

g sachet) 26. 

In self-reaching iron-based sachets, moisture is included already, and the oxidation is initiated by 

exposing the sachet to the air. For example, the amount of oxygen absorption in a self-reaching 

iron-based scavenger sachet which is placed into a polyvinylidene chloride (PVDC) pouch is 

shown in Figure 2.1. In a dry condition, the oxygen absorption reached 10 cc in 1 h and a maximum 

of about 116 cc in 30 h. There was not any remarkable difference between the absorption data at 

100% humidity and in dry condition since the applied sachet was self-reaching type and the 

moisture was already contained in the sachet by the producer.  

The iron-based scavengers are also used in active packaging. However, in active packaging the 

oxygen absorption efficiency and transparency of the films are affected by the composition, size 

and dispersion of active substances as well as the permeability of the polymeric matrix, which 

limits the oxygen access to the scavenger 4, 27. The effect of size and dispersion of scavenger 

particles in polymeric matrices has been studied in a few researches. Multisorb Technologies, Inc. 

holds a patent in which the effect of dispersion of pre-coated iron powder into nylon 6, as an oxygen 

scavenging system, has been studied 5. In this work, iron particles were coated with solid organic 

and inorganic salts of alkaline and alkaline earth metals such as sodium chloride and sodium 

bisulfate, as activation and oxidation reaction promoters 28. The results depicted that particles with 

the size between 2-5 micrometer have shown high clarity and reactivity compared to the larger or 
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smaller particles. The oxygen scavenger powder (FreshBlend, FB) was extruded with nylon 6 in a 

twin-screw extruder to reach a weight ratio ranged from 5/95 to 20/80 (FB/nylon6). The extruded 

strands pelletized to be used in the production of multilayer film structures. 

 

Figure 2.2 Oxygen absorption of FB/nylon6, 3 layer films 5. 

In the next step, 3-layer films with the same matrix (nylon 6) and active layer in the middle were 

produced by the film blowing process. Films were processed with a layer ratio of approximately 

15/70/15 (nylon/FB nylon blend/nylon) to reach the net oxygen scavenger content in the range of 

1 to 3 weight percent (wt. %) in a 3-layer structures. Oxygen absorption tests were carried out at 

92% humidity on 3-layer films cut in a chosen weight and stored in a pouch to obtain the oxygen 

absorption capability. As indicated in Figure 2.2, after 800 h the oxygen concentration reduced 

from 20 percent to almost 6 and 4 percent, for the films containing 1wt.% and 2wt.% FB, 

respectively. It can be concluded that the absorption rate is decreased remarkably while 

incorporating iron particles into nylon as an active packaging instead of sachets (Figure 2.1 and 

Figure 2.2). As noted, this scavenging system is activated only in the presence of moisture and is 

not efficient in dry conditions. 

In a different study, iron-based kaolinite nanocomposites in polyethylene (PE) matrix (10 wt. % of 

iron-based kaolinite) were used as a barrier and oxygen scavenger film 27.  

Patent Application Publication Oct. 7, 2010 US 2010/0255231 A1 
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Figure 2.3 Oxygen absorption of polyolefins+10 wt.% iron containing kaolinite, at 100% RH 27. 

In this study, iron-based kaolinite was added to high density polyethylene (HDPE) and linear low 

density polyethylene (LLDPE) as polymeric matrices in a twin-screw extruder to investigate the 

effect of polymeric matrix permeability on oxygen absorption efficiency. Nanocomposite and neat 

films of LLDPE and HDPE were prepared by compression molding and placed in a gas-tight 

septum-equipped vial. Measurements were performed under atmospheric air at 24 °C and 5 °C 

temperatures in two different relative humidity (RH), 50% and 100%. The iron oxidation forms a 

shell around its particles and the mass inside can become inaccessible to oxygen. Theoretically, the 

oxide shell does not adhere finely to the beneath iron and it can be delaminated, but in 

nanocomposites the polymeric matrix can prevent shell delamination. It seems it would be better 

to apply smaller nanoparticles into a polymeric matrix with a high dispersion quality to enhance 

the oxygen absorption efficiency. 

Similar results were achieved at 24 °C but at lower relative humidity
(50%), where the kinetics of absorption within the first 15 days was
slower due to the restriction of water vapor in the polymer as reactant.
After 60 days, the HDPE active composite was able to absorb ca. 1 ml
O2/g composite. Although oxygen depletion decreased with relative hu-
midity and temperature, the HDPE-iron kaolinite composite exhibited
significant activity of value in the application. The obtained results con-
firm that the active iron containing kaolinite does have a dual effect in
oxygen inactivation fromwithin the composites, that is, it promotes a si-
multaneous passive and active barrier and inactivation mechanisms
against the deleterious oxygen permeant.

The performance of commercial active films containing oxygen
scavengers based on iron was also evaluated at different tempera-
tures and relative humidity (Gibis & Rieblinger, 2011). Films made
from LDPE and 50 wt.% of commercial product containing iron as ac-
tive agent were able to absorb 0.7 ml O2/g film, at 23 °C and 100% RH.
It was also found that reducing the temperature to 5 °C caused a de-
crease in the absorption capacity after the same storage times.

3.4. Migration data from the active HDPE composite

One of the main issues concerning the food safety of packaging
materials is the non-intended migration of packaging constituents.
In active oxygen scavengers, migration is not required to exert the ac-
tive role and therefore should be avoided.

The typical valid route to assess thismass transport process is to eval-
uate the specific and global migration of the substances into food
simulants to avoid dealing with the complexity of analysis in real foods.
In Europe the “Commission Regulation (EU) No. 10/2011” (European

Commission, 2011) for food contact materials has approved the use of
both iron and clays as substances allowed to be in direct contact with
food, with a specific migration limit of 48 mg/kg of packaged food for
iron and with no specific migration limit for some layered clays. In any
case, the global migration of permitted substances from plastics to be
into contact with foodstuffs should be less than 60 mg/kg of packaged
food (European Comission, 1990). Nonetheless, this legislation has re-
cently being amended and now deals with the specific case of listed sub-
stances that have been engineered as nanomaterials. Thus, in the case of
the so-called nanomaterials intended for food contact, whether listed or
not listed, the amendment states that they have to be re-assessed by
the EU authorities regarding its potential toxicity, and hence no specific
or global migration limits are defined at the moment.

With this framework inmind as an example or as a reference formi-
gration, the release to water and isooctane of iron and aluminum, as
representatives of active iron and nanoclay, respectively, from the ac-
tive HDPE composites was investigated. The obtained migration data
is gathered in Table 5.

Water and isooctanewere selected as conventional extreme simulant
models for foodstuffs to asses migration from the additive. From this,
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Table 2
TGA data for the neat polymers and their iron containing kaolinite nanocomposites.

Sample Total weight change
(%)

Onset temperature
(°C)

T0.5
(°C)

HDPE 100 458.2 479.4
HDPE+10 wt.% iron
kaolinite

90.5 462.9 480.9

LLDPE 100 448.7 469.2
LLDPE+10 wt.% iron kaolinite 90.6 452.1 475.6

Table 3
Oxygen permeability of iron-based HDPE composites (24 °C, 80% RH).

Film sample P(m3 m m−2 s−1 Pa−1) Improvement (%)

HDPE (6.46±0.45)∗10−18 –

HDPE+10 wt.% iron kaolinite
(inactive)

(4.65±0.33)∗10−18 28.01
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Fig. 9. Oxygen scavenging behavior of polyolefins+10 wt.% iron containing kaolinite,
at 100% RH.

Table 4
Comparative reported barrier properties for an LLDPE and a HDPE (D'Souza, et al.,
2006; Massey, 2002).

Polymer Water vapor transmission rate
[g m m−2 s−1]

Oxygen permeability
[m3 m m−2 s−1 Pa−1]

LLDPE 2.3–4.6∗10−9 8.9–17.9∗10−18

HDPE 1.5–2.2∗10−9 4.5–9.0∗10−118
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Figure 2.4 Effect of relative humidity and temperature on oxygen absorption of HDPE+10 wt.% 

iron based kaolinite 27. 

The results showed LLDPE with higher oxygen permeability had twice higher oxygen scavenging 

than HDPE matrix at the same nanoparticle concentration (Figure 2.3). For HDPE, oxygen 

absorption increased by increasing storage temperature or relative humidity. The oxygen 

scavenging at 100% humidity at 5 °C was the same as the one at 50% humidity at 24 °C (Figure 

2.4).  

2.2 Organic oxygen scavengers 

2.2.1 Ascorbic acid oxidation 

Another type of oxygen scavenging system is based on ascorbic acid (AA) oxidation to 

dehydroascorbic acid (DHAA). Generally, the oxidation rate is low and it can be accelerated by 

applying light or a transition metal catalyst such as copper. The oxidation reaction in the presence 

of a copper catalyst is shown below.  

𝐴𝐴 + 2	𝐶𝑢$% → 𝐷𝐻𝐴𝐴 + 2𝐶𝑢% + 2𝐻% 
2𝐶𝑢% + 2𝑂$ → 2𝐶𝑢%$ + 2	𝑂$) 

2𝑂$) + 2𝐻% + 𝐶𝑢$% → 𝑂$ + 𝐻$𝑂$ + 𝐶𝑢$% 
𝐻$𝑂$ + 𝐶𝑢$% + 𝐴𝐴 → 𝐶𝑢$% + 𝐷𝐻𝐴𝐴 + 2𝐻$𝑂 

Similar results were achieved at 24 °C but at lower relative humidity
(50%), where the kinetics of absorption within the first 15 days was
slower due to the restriction of water vapor in the polymer as reactant.
After 60 days, the HDPE active composite was able to absorb ca. 1 ml
O2/g composite. Although oxygen depletion decreased with relative hu-
midity and temperature, the HDPE-iron kaolinite composite exhibited
significant activity of value in the application. The obtained results con-
firm that the active iron containing kaolinite does have a dual effect in
oxygen inactivation fromwithin the composites, that is, it promotes a si-
multaneous passive and active barrier and inactivation mechanisms
against the deleterious oxygen permeant.

The performance of commercial active films containing oxygen
scavengers based on iron was also evaluated at different tempera-
tures and relative humidity (Gibis & Rieblinger, 2011). Films made
from LDPE and 50 wt.% of commercial product containing iron as ac-
tive agent were able to absorb 0.7 ml O2/g film, at 23 °C and 100% RH.
It was also found that reducing the temperature to 5 °C caused a de-
crease in the absorption capacity after the same storage times.

3.4. Migration data from the active HDPE composite

One of the main issues concerning the food safety of packaging
materials is the non-intended migration of packaging constituents.
In active oxygen scavengers, migration is not required to exert the ac-
tive role and therefore should be avoided.

The typical valid route to assess thismass transport process is to eval-
uate the specific and global migration of the substances into food
simulants to avoid dealing with the complexity of analysis in real foods.
In Europe the “Commission Regulation (EU) No. 10/2011” (European

Commission, 2011) for food contact materials has approved the use of
both iron and clays as substances allowed to be in direct contact with
food, with a specific migration limit of 48 mg/kg of packaged food for
iron and with no specific migration limit for some layered clays. In any
case, the global migration of permitted substances from plastics to be
into contact with foodstuffs should be less than 60 mg/kg of packaged
food (European Comission, 1990). Nonetheless, this legislation has re-
cently being amended and now deals with the specific case of listed sub-
stances that have been engineered as nanomaterials. Thus, in the case of
the so-called nanomaterials intended for food contact, whether listed or
not listed, the amendment states that they have to be re-assessed by
the EU authorities regarding its potential toxicity, and hence no specific
or global migration limits are defined at the moment.

With this framework inmind as an example or as a reference formi-
gration, the release to water and isooctane of iron and aluminum, as
representatives of active iron and nanoclay, respectively, from the ac-
tive HDPE composites was investigated. The obtained migration data
is gathered in Table 5.

Water and isooctanewere selected as conventional extreme simulant
models for foodstuffs to asses migration from the additive. From this,

-1

0

1

2

3

D
er

iv
. W

ei
gh

t (
%

/°
C

)

300 400 500 600
Temperature (°C)

LLDPE + 10 wt.% iron kaolinite––––

LLDPE––––

Fig. 8. DTG curves of LLDPE-iron kaolinite composite and neat LLDPE.

Table 2
TGA data for the neat polymers and their iron containing kaolinite nanocomposites.

Sample Total weight change
(%)

Onset temperature
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T0.5
(°C)

HDPE 100 458.2 479.4
HDPE+10 wt.% iron
kaolinite

90.5 462.9 480.9

LLDPE 100 448.7 469.2
LLDPE+10 wt.% iron kaolinite 90.6 452.1 475.6

Table 3
Oxygen permeability of iron-based HDPE composites (24 °C, 80% RH).

Film sample P(m3 m m−2 s−1 Pa−1) Improvement (%)

HDPE (6.46±0.45)∗10−18 –

HDPE+10 wt.% iron kaolinite
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Table 4
Comparative reported barrier properties for an LLDPE and a HDPE (D'Souza, et al.,
2006; Massey, 2002).

Polymer Water vapor transmission rate
[g m m−2 s−1]

Oxygen permeability
[m3 m m−2 s−1 Pa−1]

LLDPE 2.3–4.6∗10−9 8.9–17.9∗10−18
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Here, Cu2+ reduces to Cu+ in the presence of ascorbic acid, Cu+ in complex with O2 recreates Cu2+ 

and forms a superoxide anionic radical. Radical transforms into O2 in the presence of copper, and 

H2O2 is formed in this step. H2O2 reduces to H2O quickly in the presence of copper-ascorbate 

complex 6. 

Equations can be summarized as below: 

𝐴𝐴 +	
1
2	𝑂$ → 𝐷𝐻𝐴𝐴 + 𝐻$𝑂 

Based on these equations to reduce 1 mole O2, 2 moles ascorbic acid is required. This scavenging 

system needs the water to be efficient and is suitable for aqueous food products. It can be applied 

in sachets or by direct incorporation inside the film in the form of active packaging. Pillsbury holds 

a patent that uses ascorbic acid-copper complex to produce an oxygen scavenging composition for 

food, cosmetic and pharmaceutical applications. This composition was also able to prevent the 

proliferation of yeasts, molds and most aerobic bacteria 26, 29.  

In a different study, catalyzed ascorbate-based scavengers with a catalyst such iron powder or 

copper chloride (CuCl2) in a polymeric carrier were used to prepare active samples with oxygen 

scavenging properties.  

Table 2.1 Initial composition of the samples 30. 

 Starch Glycerol AA Fe CuCl2 
TPS 80 20 - - - 
TPS-AA 68 17 15 - - 
TPS-AA-Fe 66.8 16.7 15 1.5 - 
TPS-AA-CuCl2 66.8 16.7 15 - 1.5 

In this work, thermoplastic starch (TPS) was used as a biodegradable hydrophilic polymeric matrix.  

To prepare samples, first, starch was blended with glycerol in a turbo mixer to allow glycerol 

diffusion into starch. Then, active scavenger compounds were added to the starch glycerol blend. 

The active scavenger compounds contained ascorbic acid as an oxygen scavenger and iron powder 

or copper chloride (CuCl2) as catalysts (Table 2.1). 
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Figure 2.5 Oxygen absorption rate in hermetic bottle with samples of TPS, TPS-AA, TPS-AA-

CuCl2 or TPS-AA-Fe at 80% RH 30. 

Scavenging films were prepared by extrusion through a slit die calendaring. The oxygen absorption 

was measured through a septum of capped bottles with Oxybaby 6.0 gas analyzer, and film samples 

(7g) were placed in hermetic bottles (500 ml). Primary measurements were carried out at 80% RH. 

As indicated in Figure 2.5, results showed no oxygen absorption in the pure TPS sample. In the 

TPS-AA sample, the oxygen amount decreased by about 5 % in 30 days. In this sample, the amount 

of ascorbic acid as a di-acid (oxidation of C6 H7 O6− to C6 H6 O6) was theoretically sufficient to 

react with all of the oxygen inside the bottle but the rate of oxidation was very low. This rate was 

accelerated by adding transition metals such as copper (II) or iron powder as catalysts. In the TPS-

AA-CuCl2 composition, the minimum oxygen concentration reached a value of 2% in 15 days. The 

absorption amount was more in the TPS-AA-Fe sample (reached 1%), because iron is an oxygen 

scavenger by itself. Results showed that the oxidation was slower than iron powder sachet (reached 

0.1 % oxygen concentration after about 15 h) but close to the oxidation speed of ascorbic acid and 

Cu (II) sachet (reached 1% oxygen concentration after about 10 days). 

A. Mahieu et al. / Industrial Crops and Products 72 (2015) 192–199 195
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Fig. 2. Evolution of O2 rate in a hermetic bottle with a sample of TPS, TPS-AA, TPS-
AA-CuCl2 or TPS-AA-Fe at 80% RH.

or iron(III) (Buettner, 1988; Du et al., 2012). The metal-catalyzed
oxidation of AA has been proposed to occur through formation of
a ternary complex of ascorbate monoanion, O2 and a metal ion; in
which the metal ion serves as an electron-transfer agent between
the substrate and the oxidant (Khan and Martell, 1974). The addi-
tion of a catalyst is thus required to reach a significant amount of O2
absorption within the time of the experiment. CuCl2 or Fe has been
added to the formulation, at the level of 10% w/w of AA quantity
(TPS-AA-CuCl2 and TPS-AA-Fe films respectively). Both films lead
to a faster and more important decrease of O2 rate. By associating
AA and a catalyst, a minimum O2 rate is reached within 15 days.
With TPS-AA-CuCl2, O2 absorption is faster than with TPS-AA-Fe
for the first six days and the minimal O2 rate reached is about 2%.
With TPS-AA-Fe, the reaction with oxygen is slightly slower within
the first days; probably because in a first step Fe has to be oxidized
to Fe(III) to catalyze AA oxidation. However, the minimal O2 rate
reached is smaller than with TPS-AA-CuCl2 (about 1% in 15 days).
TPS-AA-Fe can react with a little more oxygen than film containing
CuCl2 because iron is an oxygen scavenger itself. The speed of O2
rate decrease with these films is lower than that of an iron powder
sachet (0.1% O2 in about 15 h) (Charles et al., 2006) but it is near
the speed reached with a sachet of ascorbic acid and Cu(II) (1% O2
in about 10 days) (Graf and Rapids, 1994) and higher than that of a
fish gelatin film containing an oxygen-scavenging system (4.6% in
50 days) (Byun et al., 2012).

O2 absorption properties of the starch-based films containing
ascorbic acid and catalysts were then investigated at different rel-
ative humidities. The results are presented in Fig. 3.

With both films the decrease of O2 rate is faster when the rel-
ative humidity increases. This is probably due to an increase in
oxygen permeability of the films, which is known to depend on
water content. At low water content, TPS films are good oxygen
barriers, but when the water content increases above 15–20 wt%,
the barrier property is lost and oxygen permeability increases with
water content (Forssell et al., 2002; Dole et al., 2004). Water has
a plasticizing effect on starch polymers, leading to higher mobility
in the network due an increased free volume, and thus decreasing
glass transition of films (Mali et al., 2006). This increase in the poly-
mer chain mobility facilitates the transport process, thus favoring
the increase in the oxygen permeability (Stading et al., 2001).

At 72% RH, O2 final rate is lower with TPS-AA-Fe than with TPS-
AA-CuCl2 (respectively about 1.5% and 5.5% after 20 days). At room
humidity (near 50% RH) the behavior of both films is different. In
TPS-AA-CuCl2 ascorbic acid oxidation occurs at room humidity but
is limited: a minimum of 16% O2 is reached within 15 days, and then
O2 rate stabilizes. In this humidity condition, water absorption by
TPS is low and the film has good barrier properties to oxygen. AA
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oxidation thus probably takes place only at the surface of the film
because O2 penetrates little in the film. In the case of TPS-AA-Fe at
room humidity, the O2 rate is not modified. Iron particles must be
oxidized in a first step before being able to act as a catalyst for ascor-
bic acid oxidation, and iron needs humidity to oxidize. The amount
of water absorbed by TPS-AA-Fe film at room humidity is not suf-
ficient to activate the oxidation reaction of this film. This behavior
would be an advantage for the development of active food pack-
aging. Indeed packaging material must be able to be stored for a
while before use without reacting with oxygen. Oxygen absorption
reaction must begin when food is introduced in the packaging, so
must be activated at that point. This could be achieved if the food
has high water activities, then the water released by the food would
be able to activate O2 absorption. In the case of TPS-AA-CuCl2 film,
oxidation begins at room humidity, so O2 absorption capacity will
be partially consummated during the storage. This is not the case
with TPS-AA-Fe. The use of Fe as a catalyst for AA oxidation, rather
than CuCl2, is thus particularly interesting. It turns the water sensi-
bility of TPS into an advantage for triggering the oxygen-scavenging
activity.

Moreover, the measurements with the gas analyzer also show
that the oxygen decrease in the bottles comes together with an
increase of carbon dioxide rate. When the maximum of O2 is
absorbed by TPS-AA-Fe at 80% HR, the CO2 rate reaches about 10%.
This product of ascorbic acid oxidation (Yuan and Chen, 1998) can
have antimicrobial properties on packaged food (Vermeiren et al.,
1999).

We also have to point out that the color of TPS films is
changed when oxygen scavengers are incorporated, besides the
color evolves during oxygen absorption in relation with AA oxi-
dation mechanism (not shown). This could possibly be an issue
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Figure 2.6 Oxygen absorption rate at different humidity; a) TPS-AA-CuCl2, b) TPS-AA-Fe 30. 

In the same study, the effect of RH has been investigated as well. As seen in Figure 2.6, the 

absorption rate and amount increased with increasing humidity. This may be due to the increase in 

oxygen permeability of the films as well as AA oxygen absorption rate at higher humidity.  

In ascorbic acid scavenging systems, it should be considered that the color change of active films 

is a problem. This problem can be solved in dark-colored packaging for some applications. 

2.2.2 Unsaturated hydrocarbon oxygen scavengers 

In general, unsaturated fatty acids or organic scavengers can be activated even in the absence of 

moisture, and they can be used in dry food products. There are a few reports on this type of 

scavengers that some of them are briefly summarized here.  

In the next sections, some common unsaturated scavenging systems are described and discussed. 

2.2.2.1 Poly unsaturated fatty acids 

Polyunsaturated fatty acids (PUFA) are one of the main categories of unsaturated scavengers that 

can be activated even in dry conditions 9, 10. PUFAs such as oleic acid, linoleic or linolenic acid, 

arachidonic acid, parinaric acid, dimer acid, or ricinoleic acid are supplied from carrier oil like 

soybean, sesame or cottonseed oil 11. 

Mitsubishi gas chemical Co. holds a patent in which PUFAs are applied as a reactive scavenging 

agent. These fatty acids are used in combination with transition metal catalysts and a carrier 
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or iron(III) (Buettner, 1988; Du et al., 2012). The metal-catalyzed
oxidation of AA has been proposed to occur through formation of
a ternary complex of ascorbate monoanion, O2 and a metal ion; in
which the metal ion serves as an electron-transfer agent between
the substrate and the oxidant (Khan and Martell, 1974). The addi-
tion of a catalyst is thus required to reach a significant amount of O2
absorption within the time of the experiment. CuCl2 or Fe has been
added to the formulation, at the level of 10% w/w of AA quantity
(TPS-AA-CuCl2 and TPS-AA-Fe films respectively). Both films lead
to a faster and more important decrease of O2 rate. By associating
AA and a catalyst, a minimum O2 rate is reached within 15 days.
With TPS-AA-CuCl2, O2 absorption is faster than with TPS-AA-Fe
for the first six days and the minimal O2 rate reached is about 2%.
With TPS-AA-Fe, the reaction with oxygen is slightly slower within
the first days; probably because in a first step Fe has to be oxidized
to Fe(III) to catalyze AA oxidation. However, the minimal O2 rate
reached is smaller than with TPS-AA-CuCl2 (about 1% in 15 days).
TPS-AA-Fe can react with a little more oxygen than film containing
CuCl2 because iron is an oxygen scavenger itself. The speed of O2
rate decrease with these films is lower than that of an iron powder
sachet (0.1% O2 in about 15 h) (Charles et al., 2006) but it is near
the speed reached with a sachet of ascorbic acid and Cu(II) (1% O2
in about 10 days) (Graf and Rapids, 1994) and higher than that of a
fish gelatin film containing an oxygen-scavenging system (4.6% in
50 days) (Byun et al., 2012).

O2 absorption properties of the starch-based films containing
ascorbic acid and catalysts were then investigated at different rel-
ative humidities. The results are presented in Fig. 3.

With both films the decrease of O2 rate is faster when the rel-
ative humidity increases. This is probably due to an increase in
oxygen permeability of the films, which is known to depend on
water content. At low water content, TPS films are good oxygen
barriers, but when the water content increases above 15–20 wt%,
the barrier property is lost and oxygen permeability increases with
water content (Forssell et al., 2002; Dole et al., 2004). Water has
a plasticizing effect on starch polymers, leading to higher mobility
in the network due an increased free volume, and thus decreasing
glass transition of films (Mali et al., 2006). This increase in the poly-
mer chain mobility facilitates the transport process, thus favoring
the increase in the oxygen permeability (Stading et al., 2001).

At 72% RH, O2 final rate is lower with TPS-AA-Fe than with TPS-
AA-CuCl2 (respectively about 1.5% and 5.5% after 20 days). At room
humidity (near 50% RH) the behavior of both films is different. In
TPS-AA-CuCl2 ascorbic acid oxidation occurs at room humidity but
is limited: a minimum of 16% O2 is reached within 15 days, and then
O2 rate stabilizes. In this humidity condition, water absorption by
TPS is low and the film has good barrier properties to oxygen. AA
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oxidation thus probably takes place only at the surface of the film
because O2 penetrates little in the film. In the case of TPS-AA-Fe at
room humidity, the O2 rate is not modified. Iron particles must be
oxidized in a first step before being able to act as a catalyst for ascor-
bic acid oxidation, and iron needs humidity to oxidize. The amount
of water absorbed by TPS-AA-Fe film at room humidity is not suf-
ficient to activate the oxidation reaction of this film. This behavior
would be an advantage for the development of active food pack-
aging. Indeed packaging material must be able to be stored for a
while before use without reacting with oxygen. Oxygen absorption
reaction must begin when food is introduced in the packaging, so
must be activated at that point. This could be achieved if the food
has high water activities, then the water released by the food would
be able to activate O2 absorption. In the case of TPS-AA-CuCl2 film,
oxidation begins at room humidity, so O2 absorption capacity will
be partially consummated during the storage. This is not the case
with TPS-AA-Fe. The use of Fe as a catalyst for AA oxidation, rather
than CuCl2, is thus particularly interesting. It turns the water sensi-
bility of TPS into an advantage for triggering the oxygen-scavenging
activity.

Moreover, the measurements with the gas analyzer also show
that the oxygen decrease in the bottles comes together with an
increase of carbon dioxide rate. When the maximum of O2 is
absorbed by TPS-AA-Fe at 80% HR, the CO2 rate reaches about 10%.
This product of ascorbic acid oxidation (Yuan and Chen, 1998) can
have antimicrobial properties on packaged food (Vermeiren et al.,
1999).

We also have to point out that the color of TPS films is
changed when oxygen scavengers are incorporated, besides the
color evolves during oxygen absorption in relation with AA oxi-
dation mechanism (not shown). This could possibly be an issue
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or iron(III) (Buettner, 1988; Du et al., 2012). The metal-catalyzed
oxidation of AA has been proposed to occur through formation of
a ternary complex of ascorbate monoanion, O2 and a metal ion; in
which the metal ion serves as an electron-transfer agent between
the substrate and the oxidant (Khan and Martell, 1974). The addi-
tion of a catalyst is thus required to reach a significant amount of O2
absorption within the time of the experiment. CuCl2 or Fe has been
added to the formulation, at the level of 10% w/w of AA quantity
(TPS-AA-CuCl2 and TPS-AA-Fe films respectively). Both films lead
to a faster and more important decrease of O2 rate. By associating
AA and a catalyst, a minimum O2 rate is reached within 15 days.
With TPS-AA-CuCl2, O2 absorption is faster than with TPS-AA-Fe
for the first six days and the minimal O2 rate reached is about 2%.
With TPS-AA-Fe, the reaction with oxygen is slightly slower within
the first days; probably because in a first step Fe has to be oxidized
to Fe(III) to catalyze AA oxidation. However, the minimal O2 rate
reached is smaller than with TPS-AA-CuCl2 (about 1% in 15 days).
TPS-AA-Fe can react with a little more oxygen than film containing
CuCl2 because iron is an oxygen scavenger itself. The speed of O2
rate decrease with these films is lower than that of an iron powder
sachet (0.1% O2 in about 15 h) (Charles et al., 2006) but it is near
the speed reached with a sachet of ascorbic acid and Cu(II) (1% O2
in about 10 days) (Graf and Rapids, 1994) and higher than that of a
fish gelatin film containing an oxygen-scavenging system (4.6% in
50 days) (Byun et al., 2012).

O2 absorption properties of the starch-based films containing
ascorbic acid and catalysts were then investigated at different rel-
ative humidities. The results are presented in Fig. 3.

With both films the decrease of O2 rate is faster when the rel-
ative humidity increases. This is probably due to an increase in
oxygen permeability of the films, which is known to depend on
water content. At low water content, TPS films are good oxygen
barriers, but when the water content increases above 15–20 wt%,
the barrier property is lost and oxygen permeability increases with
water content (Forssell et al., 2002; Dole et al., 2004). Water has
a plasticizing effect on starch polymers, leading to higher mobility
in the network due an increased free volume, and thus decreasing
glass transition of films (Mali et al., 2006). This increase in the poly-
mer chain mobility facilitates the transport process, thus favoring
the increase in the oxygen permeability (Stading et al., 2001).

At 72% RH, O2 final rate is lower with TPS-AA-Fe than with TPS-
AA-CuCl2 (respectively about 1.5% and 5.5% after 20 days). At room
humidity (near 50% RH) the behavior of both films is different. In
TPS-AA-CuCl2 ascorbic acid oxidation occurs at room humidity but
is limited: a minimum of 16% O2 is reached within 15 days, and then
O2 rate stabilizes. In this humidity condition, water absorption by
TPS is low and the film has good barrier properties to oxygen. AA
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oxidation thus probably takes place only at the surface of the film
because O2 penetrates little in the film. In the case of TPS-AA-Fe at
room humidity, the O2 rate is not modified. Iron particles must be
oxidized in a first step before being able to act as a catalyst for ascor-
bic acid oxidation, and iron needs humidity to oxidize. The amount
of water absorbed by TPS-AA-Fe film at room humidity is not suf-
ficient to activate the oxidation reaction of this film. This behavior
would be an advantage for the development of active food pack-
aging. Indeed packaging material must be able to be stored for a
while before use without reacting with oxygen. Oxygen absorption
reaction must begin when food is introduced in the packaging, so
must be activated at that point. This could be achieved if the food
has high water activities, then the water released by the food would
be able to activate O2 absorption. In the case of TPS-AA-CuCl2 film,
oxidation begins at room humidity, so O2 absorption capacity will
be partially consummated during the storage. This is not the case
with TPS-AA-Fe. The use of Fe as a catalyst for AA oxidation, rather
than CuCl2, is thus particularly interesting. It turns the water sensi-
bility of TPS into an advantage for triggering the oxygen-scavenging
activity.

Moreover, the measurements with the gas analyzer also show
that the oxygen decrease in the bottles comes together with an
increase of carbon dioxide rate. When the maximum of O2 is
absorbed by TPS-AA-Fe at 80% HR, the CO2 rate reaches about 10%.
This product of ascorbic acid oxidation (Yuan and Chen, 1998) can
have antimicrobial properties on packaged food (Vermeiren et al.,
1999).

We also have to point out that the color of TPS films is
changed when oxygen scavengers are incorporated, besides the
color evolves during oxygen absorption in relation with AA oxi-
dation mechanism (not shown). This could possibly be an issue
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substance to absorb oxygen molecules. Various fatty acids were used as unsaturated compounds in 

different examples, and cobalt naphthenate was applied as an accelerator. Zeolite was used as a 

carrier, and mixing was done in a blender. The mixed compound was kept at 25 °C for 10 min to 

obtain a powder with flowability. 

Table 2.2 Different formulation of compounds and oxygen concentration measurements inside 

the container after 4 weeks 11. 

 Example 1 Example 2 Example 3 Example 4 
Organic 
compound  Soybean oil Tall oil fatty acid Soybean oil Soybean oil+ Liquid 

Polyisoprene1 

Accelerator Cobalt 
naphtanate 

Cobalt 
naphtanate 

Cobalt tall oil 
fatty acid2  Cobalt naphtanate 

Oxygen 
concentration 
(%) 

0.04 0.03 0.03 0.03 

1 Mixture of Soybean oil: Liquid Polyisoprene = 6:4. 
2 Cobalt tall oil fatty acid; Cobalt content of 6% by weight 

5 g of each powder was placed in a paper sachet, laminated with polyethylene, having pores 

towards the inner surface. The sachet was placed inside a package of an aluminum foil laminated 

material containing 500 cc air (25 °C and 65% RH) and was sealed by heat sealing. The sealed 

package storage condition was 40 °C and 95% RH, and the results showed that O2 concentration 

inside the package decreased during 4 weeks, for different unsaturated fatty acids (Table 2.2) 11. 

2.2.2.2 Non-functionalized polybutadiene  

Polybutadiene is an ethylenic-unsaturated hydrocarbon that has shown an appropriate oxygen 

scavenging capacity 9, 12, 31. The oxygen scavenging efficiency of the 1,2-polybutadiene has been 

investigated in several patents and research works, in the form of non-functionalized or functionally 

terminated with chemical groups such as hydroxyl, carboxyl or amide groups to have better 

compatibility with polymer matrix as well as higher transparency and efficiency. 

In a patent by W. R. Grace & Co., 1,2- polybutadiene in the presence of a cobalt neodecanoate 

catalyst was applied as an oxygen scavenger. The amount of transition metal catalyst altered the 

oxygen absorption rate as well as the induction time. Also, the composition preferably contained 
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benzophenone as photoinitiator to accelerate or control the initiation of oxidation, especially when 

antioxidants were added to limit premature oxidation of the composition. However, this 

composition has initiated oxygen scavenging, even in the absence of a photoinitiator. In this 

invention, radiation was applied to initiate oxygen scavenging, facilitate the oxidation and decrease 

or eliminate the induction time. However, oxygen absorption was initiated even without radiation 
9. 

Table 2.3 Effect of radiation in 1,2- polybutadiene scavenging systems containing catalyst and 

initiator (5 g sample in 400 cc container, 2 layer/3 mil)9. 

Time (days) Unirrad. Control 
% O2 

Irrad. UV a 
% O2 

Irrad. E-beam b 
% O2 

Irrad. E-beam c 
% O2 

0 20.6 20.6 20.6 20.6 
1 20.6 0.364 - 19.5 
2 20.6 0.0 - 14.5 
4 - - 20.6 2.3 
5 20.5 0.0 18.2 - 
7 20.5 0.0 9.4 0.0 
11 - - 0.0 - 
14 20.5 0.0 0.0 0.0 
33 17.4 - - 0.0 
41 7.8 - - - 
50 0.0 - - - 
61 0.0 0.0 - - 
a Blacklight (UVA) for 5 min at 1.6 mW/cm2 
b Electron beam dose of 1.1 Megarads 
c Electron beam dose of 7.6 Megarads 

For example, 90 % 1,2-polybutadiene and 10% “cobalt benzophenone” masterbatch, containing 

2.3 wt.% cobalt neodecanoate (22.5 wt% cobalt in cobalt neodecanoate, 5000 ppm cobalt in 

masterbatch), and 10% benzophenone photoinitiator in ethylene vinyl acetate (EVA), was applied 

to prepare a scavenging film.  

The absorption results with and without radiation are shown in Table 2.3. As seen, radiation 

accelerated the absorption rate, moreover, ultraviolet A (UVA) is more effective than electron 

beam radiation for this formulation.  
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Cryovac Inc. holds a patent in which a composition of styrene/butadiene copolymer in the presence 

of transition metal catalysts such as cobalt based catalysts and a photoinitiator has been applied as 

a scavenging system in one layer of a multilayer packaging film. The oxygen scavenging system 

was triggered by actinic radiation (UV light) and then stored in a container to prevent any 

substantial oxidation during storage. In this patent, it is proposed to trigger oxygen scavenging in 

the film production line and then store the active film in a container, to be used in the packaging 

production line in other locations. This strategy could result in reducing the cost associated with 

the triggering equipment in processor line as well as the necessity of additional space in its plant. 

It has also been suggested to store and transport the container at a lower temperature than the 

ambient 12.  

2.2.2.3 Functionalized polybutadiene in polyethylene terephthalate 

In a patent by BP Amoco, functionalized polybutadiene was applied to improve the dispersion of 

this scavenger in polyethylene terephthalate (PET) and form a “true copolymer” instead of a 

mixture, or a physical blend of polybutadiene with polyester. Carboxyl, hydroxyl and amid groups 

are different possibilities to functionalize polybutadiene and react with carboxyl and hydroxyl 

groups of PET.  

Table 2.4 Oxygen absorption without and with cobalt octoate (150 ppm) at room temperature (22 

°C) and at 60 °C (10 g sample in 500 cc container- 3 layer/2mil) 32. 

 Without cobalt With cobalt Without cobalt With cobalt 
Temperature, °C 22 22 60 60 
Day 0- Percent O2 20.9 20.9 20.9 20.92 
Day 3- Percent O2 20.7 - 16.6 - 
Day 7- Percent O2 20.5 11.8 8.02 5.84 
Day 14- Percent O2 20.4 9.49 3.67 1.42 
Day 21- Percent O2 20.3 7.41 2.49 0.646 
Day 28- Percent O2 20.1 5.32 2.02 0.478 
Day 42- Percent O2 19.9 3.98 1.09 0.06 
Day 42- O2 Uptake in 
cc/gram 0.4 8.3 9.3 10.3 

On the other hand, it was found that the molecular weight of polybutadiene oligomers, can affect 

the final properties of copolymer such as clarity, rigidity, and oxygen scavenging efficiency. In this 
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patent, inventors aimed at reaching a uniform dispersion of oxygen absorber by co-

polycondensation process. The co-polycondensation may be carried out by two procedures. 

Substitution of functionalized polybutadiene with equivalent amounts of hydroxyl or carboxyl 

monomers of PET (before polymerization of PET) or applying polymerized PET and 

copolymerizing it with the functionalized polybutadiene. Both methods may be performed in a 

batch or continuous polymerization 32.  

Even though, in theory, incorporation of a higher amount of scavenger is favorable, there is a limit 

to the amount of scavenger that can be added since it should not affect the polyester properties such 

as transparency and molecular weight.  

The oxygen absorption results for 4 % polybutadiene addition to PET, with and without transition 

metal catalyst, and at two different temperatures are shown in Table 2.4. At room temperature, the 

presence of cobalt catalyst increased the rate of oxidation, but, at the higher temperature (higher 

scavenging rate), it did not remarkably change the oxidation rate. As mentioned, polybutadiene 

segments can be incorporated into the PET main chain via transesterification reaction or can be 

added to the end of PET molecules. Upon incorporation into the main chains, the oxidation causes 

the main chain scission that decreases the molecular weight as well as transparency. 

Hao Li (Ph. D. thesis, University of Toledo) studied reactions, oxidation mechanism, and kinetics 

of the reactive blending between PET and hydroxyl-terminated polybutadiene (HTPB) 16. The 

results showed that lower molecular weight liquid HTPB (1200 g/mole) had a higher oxidation rate 

than higher molecular weight (2800 g/mole). In addition, the effect of the addition of cobalt (II) 

stearate has been studied, at different temperatures, 40, 50 and 70 °C. For example, at 40 °C, in 

which the oxidation rate is lower, the effect of the catalyst composition on the induction time was 

more obvious than higher temperatures. At this temperature, the induction time decreased from 400 

to160 hrs at 100 ppm catalyst, and it almost disappeared at 200 ppm.  
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Figure 2.7 Effect of cobalt neodecanoate concentration and number of purification cycles on 

oxygen mass uptake. (A) Unpurified (B) Three cycles (C) Five cycles (D) Six cycles 33. 

In another Ph. D. thesis at the University of Texas at Austin, the oxidation mechanism of 

polybutadiene has been investigated. In this work, the effect of cobalt neodecanoate concentration 

on induction time and oxygen absorption rate and amount were investigated for both purified and 

non-purified samples. Purification was done on polybutadiene to remove antioxidant that was 

added during industrial production of polybutadiene 33. For unpurified 1,4 polybutadiene (Figure 

2.7A), the sample with 1000 ppm catalyst showed four days of induction time. This time was longer 

for the sample containing 400 ppm. For the sample containing 200 ppm catalyst, the oxygen 

absorption was negligible, even after 30 days. The results for purified sample (three cycles 
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Figure 4.2 Influence of cobalt neodecanoate (Co) concentration and number of 
purification cycles on oxygen mass uptake.  The cobalt neodecanoate 
concentrations are the numbers beside each data set (e.g., 100 ppm Co).     
(A) Unpurified  (B) Three cycles  (C) Five cycles  (D) Six cycles 
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purification to remove oxidation antioxidant added during industrial production) showed that the 

sample with 100 ppm catalyst still had an induction time, but shorter than the one of the unpurified 

samples. In this case, the induction time has disappeared at higher catalyst concentrations (Figure 

2.7B). Also, for the samples with higher purification cycles (5 and 6), the induction time has 

disappeared even at 100 ppm catalyst (Figure 2.7C and D). Maximum oxygen uptake for sample 

B was obtained at 400 ppm and for samples D and C at 200 ppm of catalyst concentration. There 

is an optimum for catalyst concentration, with increasing the catalyst amount to higher than a 

critical amount, the catalyst will act as an inhibitor instead of catalyst.  

Composite materials made of an epoxy terminated polybutadiene in nylon 6 and PET, were also 

studied as oxygen scavenging systems for packaging applications. In this patent, cobalt stearate 

was used to catalyze the oxygen absorption process 34. 

Similar to the other radical reactions, there are three steps for oxidation reactions; initiation, 

propagation, and termination. In general, the initiation reaction starts in the presence of free radical 

donors such as peroxides. However, some oxidation reactions initiate by other mechanisms such 

as radiation or heating in the presence or absence of catalysts 35-39. The following reactions are 

considered as initiation steps under radiation or in the presence of transition metal catalyst: 

𝑅𝐻
67,9
:⎯< 𝑅. 

𝑅𝐻 + 𝑂$ → 𝑅. + 𝐻𝑂$.  

𝑀	(𝑀𝑒𝑡𝑎𝑙	𝑐𝑜𝑚𝑝𝑙𝑒𝑥) + 𝑂$ → 𝑀G%𝑂$G) 

𝑀𝑂$ + 𝑅𝐻 → 𝑀 + 𝑅. + 𝐻𝑂$.  

In the propagation step, there is an addition of oxygen to alkyl free radical followed by hydrogen 

abstraction from polymers (oxidative degradation). This reaction may be expressed as follow: 

𝑅. + 𝑂$ → 𝑅𝑂$.  

𝑅𝑂$. + 𝑅𝐻 → 𝑅𝑂𝑂𝐻 + 𝑅. 

𝑅𝑂$. + 𝑅𝐻 → 𝑅𝑂𝑂𝑅.𝐻 
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These catalyzed oxidation-reductions can be summarized as below: 

𝑅𝑂𝑂𝐻 +𝑀H% → 𝑅𝑂. + 𝑀(H%I)% + 𝑂𝐻) 

𝑅𝑂𝑂𝐻 +𝑀(H%I)% → 𝑅𝑂$. + 𝑀H% + 𝐻% 

𝑅𝑂. + 𝑅𝐻 → 𝑅𝑂𝐻 + 𝑅. 

Termination reactions may be done by one or all of the following reactions: 

2𝑅. → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

𝑅𝑂$. → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

2𝑅𝑂$. → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 𝑂$ 

In the above equations, R refers to a polymeric section of oxidizable polymer such as polybutadiene 

molecules. Allylic carbon-hydrogen bonds are the most susceptible linkages for the oxidation, 

further to the double bonds. Free radical generation increases with increasing the cobalt catalyst 

concentration, and the oxidation starts after the consumption of antioxidants 33. 

As mentioned, transition metal ions could act as an oxidation catalyst for organic substances. 

Transition metal nanoparticles have superior properties in comparison with those in classical bulk 

structure due to the high ratio of surface atoms to the total number of atoms and electronic 

properties of these particles. Aside from that, semiconductor nanoparticles have attracted a lot of 

interest especially because of their luminescent properties as well as catalytic activities 40, 41. For 

instance, titanium, vanadium, and niobium oxide nanoparticles have been applied as a catalyst for 

oxidation of different saturated and unsaturated hydrocarbons 42. 

In the next section, illumination activated scavenging systems are discussed. After a brief 

description of reducible organic compounds, the main focus is on photocatalysts, particularly 

Titania, as the most important candidate semiconductor nanoparticle, to be applied as a catalyst in 

oxygen scavenging systems.  
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2.2.2.4 Illumination activated oxygen scavengers  

This scavenging technique can work even in dry condition, and it does not require water as an 

activator, but its scavenging activity is initiated by illumination-triggering process.  

Commonwealth Scientific and Industrial Research Organization (CISRO) developed a patent for 

oxygen scavengers independent of transition metal catalysts. In this invention, the scavenging 

composition consists of a reducible organic compound, which can be activated without a transition 

metal catalyst. The triggering system for this type of oxygen scavengers can be a light source with 

proper intensity, heat, gamma-radiation, corona discharge, or electron beam. Reducible organic 

compounds have to be converted to an excited state with the capacity to abstract an electron or 

hydrogen atom from another molecule, or by distribution within the compound itself. After 

reduction, the molecule is reactive against oxygen and produces excited species such as hydrogen 

peroxide, hydroperoxyl radical or a superoxide ion. These activated species have to be absorbed 

by a reactive compound. The reducible organic compound introduced in this patent is from 

quinones, preferably 2-methylanthraquinone or 2-ethylanthraquinone. 15, 43-45. 

Table 2.5 Oxygen absorption at different triphenylphosphine concentrations 43. 

Triphenylphosphine (g) Initial oxygen (%) Oxygen after 25.3 hrs (%) Final oxygen (%) 
0 20.3 16.1 14.05 
0.059 10.45 3.9 2.8 
0.118 15 1.17 0.35 
0.259 14.6 0.07 0.16 

Some of the results from one of the main compositions in this invention are described here. A cast 

film was prepared from 2-methylantroquinone (0.05 g) in ethyl cellulose (1.25 g) by solution 

casting with ethyl acetate as the solvent, with and without triphenylphosphine as reactive species 

absorber. The initial oxygen concentration and the results after 25 h are shown in Table 2.5. 
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Table 2.6 Oxygen scavenging in cold condition 43. 

Time (days) % Oxygen 
0.0 19.6 
1. 8.04 
2. 6.22 
3. 4.49 
6. 3.03 
13 1.64 
17 1.21 
41 1.13 

To do measurements, prepared films were placed inside pouches of a high oxygen barrier plastic. 

Pouches were flushed with nitrogen and then filled with 20 ml of air by a syringe via a septum. All 

samples were exposed by xenon lamp irradiation for 3 minutes and then stored in darkness. 

A similar composition to the previous example (with triphenylphosphine) was under the oxygen 

absorption test in cold conditions between -1.0 to 1.0 °C (Table 2.6). As seen, the rate of oxygen 

absorption decreased at lower temperature 43. The oxygen scavenging invented in this patent may 

also be applied as a tie layer in co-extrusion or the adhesive layer in adhesive lamination 45. 

2.3 Photocatalytic oxygen scavengers 

Photocatalytic activity of semiconductors such as titanium dioxide (TiO2), zinc oxide (ZnO), iron 

(III) oxide (Fe2O3), zirconia (ZrO2) and tungsten oxide (WO3) have been widely studied in 

environmental and energy applications 46-50. Particular attention is paid to TiO2 due to its 

photocatalyst activity in degradation of organic pollutants 51-53. TiO2 is an interesting 

semiconductor due to a wide bandgap as well as electrical and optical aspects. It has so many 

applications such as paint, sunscreen, food coloring, hydrogen production, sensors, solar cells, 

biological, and photocatalytic applications 54-60.  

 



22 

 

 

 

 

Figure 2.8 Crystal structures of (a) anatase and (b) rutile (red (O) and blue (Ti)) and schematics 

of the TiO6-octahedra networks in (c) anatase and (b) rutile 52. 

There are four common crystalline types of TiO2 in nature, anatase (tetragonal), brookite 

(orthorhombic), rutile (tetragonal) and monoclinic. Among different polytypes, rutile and anatase 

are the most important structures with tetragonal symmetry as a network of TiO6 octahedra, but 

these two structures are different in distortion and linkage of octahedral. Anatase has eight 

neighbors; four shared edges and four shared corners, whereas the rutile has 10 neighbors, two 

shared edges and eight shared corners 52, 61-63 (Figure 2.8).  

Oxygen concentration is a limiting factor in photocatalytic reaction. To prevent charge 

recombination of photogenerated electrons and holes in TiO2, it is required to have enough oxygen 

to react with produced electrons. UV sensitization of TiO2 with an excess amount of organic 

electron donor, “sacrificial” electron donor (SED) permits to be more concentrated on oxygen 

availability, as the main concern in this type of scavenging system 57, 58, 64. 

In research, the photocatalytic oxygen scavenging polymer film containing nanocrystalline TiO2 

particles in ethyl cellulose was applied to absorb the oxygen. EC as a biodegradable polymeric 

matrix is used due to its high oxygen permeability coefficient 14, 15. This composition is prepared 

in the presence and absence of triethanolamine (TEOA) as a sacrificial electron donor film. The 

photocatalytic polymer film was prepared by solution casting in toluene: ethanol mixture (4:1 v/v) 

(1 g Titania and 0.1 g TEOA was solved in 10 g solution of ethyl cellulose (20% w/v)) 65.  
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Figure 2.9 Oxygen absorption of TiO2/TEOA/EC film in a sealed electrode sandwich cell (0.3 cc 

air) under UVA irradiation (repeated cycles) 65. 

In this work, flexible films of TiO2/TEOA/EC prepared by spin coating (2 microns), was placed 

into a sealed layered system with the film on a glass substrate on the top and oxygen electrode on 

the bottom which separated by a sandwich of 0.3 cc air gap. The oxygen percentage was monitored 

under UV light irradiation. The results showed that the oxygen inside the air gas reduced within a 

few minutes. The oxygen was replenished, and the test was repeated. The results for 15 sequential 

irradiations showed that the film does not seem to lose its scavenging capacity within the repeated 

condition (Figure 2.9). 

Based on the obtained results, the oxygen absorption amount has been 0.017 cc/h.cm2 in 24 h. 

Therefore, a surface of 200 cm2 probably has the potential to absorb 80 cc oxygen during 24 h, 

which is comparable with iron sachets. Because of the probability of generated hazardous 

intermediates, the surface in direct contact with the packaging interior is usually laminated with 

gas permeable polymers like PE or polypropylene (PP).  

Photocatalytic activity of TiO2 initiates by the absorption of the light energy equal or greater than 

the bandgap of TiO2 (3.2 ev for anatase, 3 ev for rutile and narrower bandgaps for doped TiO2, or 

the one with defects). Ultraviolet (UV) is the main radiation source which activates TiO2 particles, 

A. Mills et al. / Journal of Photochemistry and Photobiology A: Chemistry 177 (2006) 328–331 331

Fig. 3. Observed variation in the %O2 in a sealed TiO2/TEOA/EC film/air/O2 electrode sandwich cell upon repeated cycles of UVA irradiation of the film
followed by admission of fresh air to the system (marked by a spikes in the signal) and then resealing.

in such oxygen-scavenging films, in case any are hazardous
and capable of contaminating the package. Because of con-
tamination and tainting concerns, in practice it is likely that
such oxygen-scavenging films would form part of a laminate
film, in which it was sandwiched between two polymers lay-
ers, the lower one of which, i.e. the one in direct contact with
the package interior was gas-permeable, such as polypropy-
lene, and capable of preventing any intermediates entering the
package interior. Such laminate structures are not unusual in
plastic food packaging and most polymeric materials that are
used in this way, such as polypropylene and poly(ethylene
terephthalate) are transparent to UVA.
The latter concept is an essential feature of most current

commercial oxygen-scavenging polymer systems; indeed, in
general all current oxygen-scavenging systems have to be
isolated from the contents of the package to ensure no product
contamination.

4. Conclusions

TiO2/EC polymer films, with or without a mild reducing
agent such as TEOA, are able to scavenge oxygen upon UVA
irradiation. These films can be completely photomineralised
upon prolonged illumination. The oxygen-scavenging rates
exhibited by these films compare favourably to those asso-
ciated with more traditional oxygen scavengers. The major
drawback of these new, generic polymer film oxygen scav-
engers is the requirement of light to drive the scavenging
process forward. This may prove a particular problem when
titania is used as the semiconductor photocatalyst, since it
requires UVA light. However, there is a significant level in
sunlight (typically >1mWcm−2) and most very well-lit food
cabinets use white fluorescent tubes that emit some UVA
light (typically <0.1mWcm−2). Although the UVA levels

in food cabinets are clearly not sufficient to promote the
rapid scavenging of oxygen by the TiO2/EC/TEOA films
reported above, recent work on N- and C-doped titania indi-
cates that these materials can readily drive reaction (1) using
UV and visible light [11]. However, these materials are not
as yet readily available and are still the subject of some
controversy. Thus, as an alternative, more well-established
and readily available visible-light absorbing semiconductors,
such as WO3 and CdS, could be used instead of TiO2 to cre-
ate a range of visible-light driven oxygen-scavenging films.
The results reported here demonstrate the efficacy of a novel,
generic, light-driven oxygen-scavenger film, which functions
via a photocatalytic process, and opens up new possibilities
in the important area of oxygen scavenging in packaging and
coatings.
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however, doping, manipulating the particle size and the type of crystalline structure can change the 

bandgap from near-visible to the visible region 66, 67. When a photon with the energy equal or higher 

than the bandgap energy of the photocatalyst is radiated, electron (ecb-) is excited from the valence 

band (VB) into the conduction band (CB), generating a hole (hvb+) behind. 

The typical assumption is that the oxidation and reduction reactions take place at the same time on 

the surface of TiO2 particles, which results in no charge build up. It is not simply possible to detect 

reaction products by direct experimental measurements, but scanning microelectrode of carbon has 

been used for the detection. For instance, the measuring results by carbon microelectrode showed 

that in aqueous solution, O2 concentration decreased near the TiO2 surface under radiation 68, 69. 

Following mechanisms have been proposed for photo-catalytic reactions to form reactive oxygen 

species using laser flash photolysis measurements 70: 

Charge-carrier generation  
𝑇𝑖𝑂$ + ℎ𝜈 → ℎQR% + 𝑒SR)  (1) 
Charge-carrier trapping  
ℎ7R% +> 𝑇𝑖U7𝑂𝐻 → {𝑇𝑖U7𝑂𝐻.}% (2) 
𝑒SR) +> 𝑇𝑖XY𝑂𝐻 ↔ {> 𝑇𝑖XXX𝑂𝐻} (3a) 
𝑒SR) +> 𝑇𝑖XY →> 𝑇𝑖XXX (3b) 
Charge-carrier recombination  
𝑒SR) + {> 𝑇𝑖XY𝑂𝐻.}% →> 𝑇𝑖XY𝑂𝐻 (4) 
ℎQR% + {> 𝑇𝑖XXX𝑂𝐻} → 𝑇𝑖XY𝑂𝐻 (5) 
Interfacial charge transfer  
{𝑇𝑖XY𝑂𝐻.}% + 𝑅𝑒𝑑 →> 𝑇𝑖XY𝑂𝐻 + 𝑅𝑒𝑑.% (6) 
𝑒[\) + 𝑂𝑥 → 𝑇𝑖XY𝑂𝐻 + 𝑂𝑥.) (7) 

Where 𝑇𝑖XY𝑂𝐻 is the primary hydrated surface of TiO2, 𝑒SR)  is a conduction bond electron, ℎQR%  is 

a valence bond hole, 𝑒[\)  is trapped conduction band electron, Red is an electron donor, Ox is an 

electron acceptor, {𝑇𝑖XY𝑂𝐻.}% is a surface trapped valence band hole and {𝑇𝑖XXX𝑂𝐻} refers to a 

surface trapped conduction band electron. 

At first step, electron and holes (charge-carriers) are generated under photo radiation. After that, 

photo-generated holes and electrons, which can react with surface hydroxyl groups, are trapped at 

charge-carrier trapping steps (2, 3a and 3b). Electron trapping with dynamic equilibrium (3a) 

represents reversible trapping of conduction band electron in a shallow trap below the conduction 
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band, which has a probability that 𝑒[\)  could return into the conduction band. In 3b, there is an 

irreversible electron trapping. 4 and 5 are charge-carrier recombination, which has to be prevented 

to reach the photo-catalytic activity 70-72.  

Here are the details of the formation of reactive oxygen species, hydrogen peroxide is created on 

TiO2 in the presence of oxygen molecules, photo-generated electrons and a suitable sacrificial 

electron donor with the mechanism shown in Figure 2.10. On the other hand, organic peroxide and 

H2O2 may be formed in the presence of organic scavenger and photo-generated holes according to 

the reactions in Figure 2.11. In these reactions, the organic scavenger is oxidized, and one oxygen 

molecule is scavenged. 

 

> 𝑇𝑖XY𝑂$.) + 𝐻0𝑂% ↔ 𝑇𝑖XY𝑂𝐻$ + 𝐻𝑂$.  
2𝐻𝑂$. + 2𝐻% → 𝐻$𝑂$ + 𝑂$ 

Figure 2.10 Oxidation mechanism by conduction band electron 70. 

> 𝑇𝑖𝑂𝐻.% + 𝑅𝐶𝐻$𝑅]] → 𝑇𝑖𝑂𝐻$% + 𝑅𝑅]]𝐶𝐻. 
𝑅𝑅]]𝐶𝐻. + 𝑂$ → 𝑅𝑅]]𝐶𝐻𝑂$.  

𝑅𝑅]]𝐶𝐻𝑂$. + 𝑅]𝐻 → 𝑅𝑅]]𝐶𝐻𝑂𝑂𝐻 + 𝑅]. 
𝑅]. + 𝑂$ → 𝑅]𝑂$.

^_`.:⎯< 𝑅]𝑂$𝐻 + 𝑂$ 

Figure 2.11  Oxidation mechanism by photo-generated holes 70. 

In these reactions 𝑅𝐶𝐻$𝑅]] is a general organic electron donor which contains an abstractable 

hydrogen atom and 𝑅𝑅]]𝐶𝐻.is the free radical intermediate.  

2.4 Problem identification  

This review has focused on presenting the most common available oxygen scavengers in the form 

of active packaging. Despite all the efforts done to design an efficient oxygen scavenging system, 
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most of them do not meet the requirements to be applicable in a wide range of dry to liquid food 

products.  

In order to develop a proper widely applicable oxygen scavenging system for food packaging 

applications, we have to consider some criteria. Firstly, depending on the application, the scavenger 

should be capable to work either in dry or wet conditions. Nevertheless, most common scavenging 

systems such as iron powders require high humidity conditions to be activated, unsaturated organic 

systems including polybutadiene and particularly low molecular weight liquid polybutadiene have 

the potential to scavenge oxygen even in the absence of moisture or at low levels of humidity. But 

they are not efficiently scavenging oxygen at a proper rate and in large amounts, which is the 

second requirement. The problem with these scavenging systems is the limitation in the amount of 

added scavenger substance to have a good dispersion and transparency. Thus, the scavenging is 

very slow, as such, selecting a high oxygen permeable matrix such as EC, can improve the 

scavenging potential. Although, high oxygen barrier polymeric matrices such as PA6 has been 

reported to be applied as polymer matrix in melt processing method, it may decrease the scavenging 

efficiency and can be replaced by less oxygen barrier polymers such as LDPE. Also, the kinetics 

of oxidation needs to be considered as an important issue. Applying classical transition metal 

catalysts in organic scavenging systems catalyzes the oxidation process, but the issues associated 

with this type of catalyst, especially toxicity, limit its usage which contradicts the third necessary 

criterion for food packaging applications. A suitable oxygen scavenger for food packaging should 

be harmless to the human body and not be toxic. Thanks to the advancement in photocatalyst 

technology, particularly TiO2, it can be a good candidate to catalyze the oxygen scavenging 

reactions. 

This invention proposes an important step in developing an efficient oxygen scavenging system 

that can be activated without the necessity of high humidity levels. There is a significant need to 

improve oxygen absorption efficiency even at low humidity conditions as well as non-toxicity and 

cost-effectiveness, which is our main objective.  
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 OBJECTIVES AND ORGANIZATION OF THE 

ARTICLES 

Oxygen scavenging is a promising technology in active packaging to satisfy the high volume of 

demands to maintain or ameliorate the freshness, safety, and sustainability of food products. 

According to the literature review presented in Chapter 2, various types of oxygen scavenging 

systems have been developed, but there are some drawbacks associated with each category 

depending on the application that should be taken into attention to achieve appropriate applicable 

oxygen scavenging systems in packaging industry.  

3.1 Objectives 

3.1.1 General objective 

The main objective of this research is: 

To develop novel, non-toxic and efficient oxygen scavenging systems with the potential to be 

activated without the necessity of moisture presence for food packaging applications 

3.1.2 Specific objectives 

To conduct the main objective, the specific objectives were defined as follow: 

1. To develop efficient oxygen scavenging systems by solution techniques including 

casting and electrospinning 

2. To investigate the microstructure of scavenging blends prepared by solution technique 

and demonstrate the phase behavior of the blends   

3. To develop oxygen scavenging films in PLA and LDPE as two most common polymeric 

matrices by melt extrusion technique 
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3.2 Organization of Articles  

This section presents the scientific contribution of this thesis in the form of three original articles 

and one declaration of the invention.  

To meet the objectives of this thesis, the experiments were divided into three phases. The first part 

of the project presented in chapter 4 was conducted as a proof of concept to evaluate the oxygen 

scavenging efficiency of HTPB in the presence of TiO2 as the catalyst. In this part, EC was applied 

as a polymeric matrix with high oxygen permeability. We prepared EC/HTPB/TiO2 solutions at 

various compositions, and the samples were prepared by solution casting (toluene/ethanol) and 

electrospinning (ethanol/water); the green electrospinning method was applied to take the 

advantage of achieving a higher surface area in direct contact to the headspace in prepared mats. 

SEM results revealed that we could successfully obtain fibrous structure by the addition of HTPB 

to EC. The stability and homogeneity of the electrospinning solution were examined and verified 

by FTIR-ATR and rheological measurements.  

Interestingly, oxygen absorption results illustrated the catalytic activity of TiO2 for the oxidation 

of HTPB, which led to a proper oxygen scavenging efficiency in EC/HTPB catalyzed blends, 

especially in electrospun samples. To the best of our knowledge, there is no report on oxygen 

scavenging properties of EC/HTPB/TiO2 blends by solution casting or electrospinning techniques. 

This paper entitled “Development of TiO2 catalyzed EC/HTPB based oxygen scavengers by green 

electrospinning over solution casting” has been submitted to the journal of” ACS sustainable 

chemistry and engineering”. 

The second article in chapter 5 entitled “Novel partially miscible polymer blends of ethyl cellulose 

and hydroxyl terminated polybutadiene”, studied the phase behavior of our novel oxygen 

scavenging blends of EC and HTPB. In the first part of this work, blends of EC and TiO2 catalyzed 

HTPB are studied for oxygen scavenging application but understanding and characterization of the 

morphology and phase behavior is lacking. Here, we started with theoretical calculations followed 

by thermal measurements in conjunction with complementary data from morphological images to 

verify the presence of partial miscibility in our blends. Successfully, we could investigate our 
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blends microstructure and understand the phase behavior of our novel mixture which has the 

potential to be utilized as an oxygen scavenger by solution coating or applying as an electrospun 

pad inside the package or the lid of the container. This paper has been submitted to the journal of 

“ACS applied materials and interfaces”. 

After figuring out the oxygen scavenging potential of TiO2 catalyzed HTPB in the EC matrix by 

solution method, we started working on the possibility of applying melt extrusion to prepare the 

scavenging films. Here, PLA and LDPE were selected as suitable and common polymer matrices 

for melt extrusion. PLA has carboxylic groups at the end of the chains, which makes it a proper 

choice for reactive melt blending with HTPB. However, for LDPE as a polyolefin, a hydrocarbon 

wax was added to improve melt blending. We demonstrated that HTPB is dispersed 

homogeneously in matrices, by SEM and AFM images as a powerful technique for distinguishing 

the phases. DSC analysis in conjunction with DMTA results illustrated the existence of chemical 

reactions or favorable interactions in PLA/HTPB blends, as expected. As predicted, our results 

depicted proper oxygen absorption properties in our samples, which clearly confirmed the catalytic 

activity of TiO2 to accelerate the oxidation of HTPB. This work is a proof-of-concept of the wide 

applicability of our novel scavenger in other polymeric matrices by melt extrusion. The original 

paper entitled “Development of TiO2 catalyzed HTPB based oxygen scavenging films by melt 

processing method” has been submitted to the journal of “ACS applied polymer materials”. 
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 ARTICLE 1: DEVELOPMENT OF TIO2 CATALYZED 

EC/HTPB BASED OXYGEN SCAVENGERS BY GREEN 

ELECTROSPINNING OVER SOLVENT CASTING 

Zahra Kordjazi, Abdellah Ajji * 

3SPack, Research Center for High Performance Polymer and Composite Systems (CREPEC), 

Chemical Engineering Department, Polytechnique Montréal, Montréal, Québec H3C 3A7, Canada  

Submitted to ACS Sustainable Chemistry and Engineering, November 11, 2019 

4.1 Abstract 

In this work, the oxygen absorption properties of ethyl cellulose (EC) and TiO2 catalyzed hydroxyl 

terminated polybutadiene (HTPB) blends have been studied. Samples were prepared using solution 

casting and electrospinning methods from two different binary mixtures, toluene/ethanol and 

ethanol/water, respectively. Morphological observations for electrospun mats confirmed that the 

addition of HTPB to the EC matrix increased the tendency of the mixture to obtain a smooth fibrous 

structure compared to that of the pure EC. Viscosity and FTIR-ATR measurements were carried 

out to study the stability and homogeneity of the blends in ethanol/water mixture as a green solvent 

used for the electrospinning process. Applicability of Cox-Merz empirical rule led us to believe 

that the electrospinning blend was homogenous even in the presence of HTPB. FTIR-ATR spectra 

depicted a similar ratio of EC to HTPB in electrospun mats compared to the cast films, which 

revealed the stability of the electrospinning solution. The oxygen absorption results depicted that 

the addition of TiO2 catalyzed HTPB increased the oxygen scavenging properties of EC. In 

addition, the oxygen scavenging efficiency of flexible electrospun mats was higher than cast films 

as a result of higher surface area in the fibrous structure. 

4.2 Introduction 

Oxygen causes deterioration and failure in different materials such as food and pharmaceutical 

products, optical and electronic devices as well as corrodible metals. Nowadays, proper packaging 
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technologies remove unfavorable oxygen from the headspace of the package by absorption or 

scavenging 1, 2. 

Unsaturated organic scavenging systems, mainly based on polybutadiene, are applied as oxygen 

scavengers in a few patents 3-6. Unlike iron-based scavengers, these organic scavenging systems 

can be activated without the necessity of the presence of moisture, but the oxidation is very slow 

and needs to be catalyzed. For example, in a patent by BP Amoco, an oxygen scavenging system 

including a cobalt octoate catalyzed copolymer of HTPB and polyethylene terephthalate (PET) has 

been developed for bottles and packaging articles 3. Although using classical transition metal 

catalysts in organic scavenging systems reduces the induction time and increases the absorption 

rate, there are some issues associated with these classical catalysts such as affecting transparency, 

mixing difficulties and potential toxicity 2, 7-10. Also, the oxygen permeation into the polymeric 

matrix is another constraint on the oxygen absorption rate that should be considered 2, 11. 

When it is desired to absorb the oxygen at higher rates, photocatalytic scavenging systems are also 

applicable. Photocatalytic activity of semiconductors, especially TiO2, has attracted many 

attentions in the field of degradation of organic pollutants, in particular. TiO2, as a well-known 

semiconductor photocatalyst has been used in various industrial applications because of its 

excellent optical transmittance, chemical stability, and non-toxicity 12, 13.  

Ethyl cellulose (EC) as a hydrophobic biodegradable polymer, is a derivative of cellulose in which 

some of the hydroxyl groups are replaced with ethyl ether groups. EC can be used as the polymeric 

matrix in oxygen scavenging applications due to its high oxygen permeability coefficient 14, 15. 

There is a report on photocatalytic activity of TiO2 in EC in the field of oxygen absorption. In this 

study, oxygen absorption of EC and TiO2 compound has been investigated under direct UV 

radiation 16.  

Electrospinning has been widely used to produce fibrous structures as a simple and cost-effective 

method. Fibrous structures, especially to sub-micron or nanometer, increase the surface area to 

volume ratio and consequently enhance the surface and mechanical properties 17, 18. In a study, 

electrospinning of EC in a solution of tetrahydrofuran (THF) and a mixture of THF and 

dimethylacetamide (DMAc) has been examined. The morphology of the samples was studied, and 
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the results showed that using different solvents and different solvent ratio has changed the fiber 

morphology as well as fiber diameter due to the variation in solution viscosity and surface tension 
73. It should be noted that toxic solvents and environmental concerns are some issues with the 

solution electrospinning 74. In a different study, EC was electrospun from ethanol and water as a 

non-toxic mixture. A glass-needle set up strategy is described to prepare the samples as a modified 

procedure to increase the productivity and quality of prepared fibers 21.  

Even though HTPB has been incorporated in PET by melt reactive extrusion, based on our 

knowledge, there is no research performed on TiO2 catalyzed oxygen absorption activity of this 

resin blended by solution mixing with EC matrix for packaging applications. In addition, 

presumably, there is no study on electrospinning of HTPB either alone or in the presence of a 

polymer carrier.  

In this work, oxygen absorption of EC/HTPB scavenging films and fibrous mats containing TiO2 

has been investigated. It was expected that blending TiO2 catalyzed HTPB and EC may be an 

effective method for obtaining EC based materials with improved oxygen scavenging properties. 

Moreover, electrospinning method in ethanol/water as a green solvent was applied to produce 

nanofiber mats for oxygen scavenging applications. Prepared mats with this method have 

remarkable flexibility to be applied as a pad inside the package or inside the lid of the container.   

4.3 Experimental 

4.3.1 Materials 

Ethyl cellulose (EC), 48% ethoxy, with the viscosity of 10 cP from Sigma Aldrich and hydroxyl 

terminated polybutadiene (HTPB) R-45HTLO from Total Cray Valley (60% trans, 20% cis and 

20% vinyl content, molecular weight Mn=2800 and hydroxyl functionality 2.4-2.6) are used as 

polymeric phases. TiO2 (purity>99.5 %, trace metal basis) with 21 nm primary particle sizes, 

toluene (99.9 %) and ethanol (99.9%) were purchased from Sigma Aldrich. It should be mentioned 

that deionized water is used in all experiments. 
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4.3.2 Sample preparation 

4.3.2.1 Preparation of solutions  

Solution mixing was used to prepare blends of EC and HTPB for solution casting, and 

electrospinning as well.  

For solution casting, HTPB was added to a solution of 5% by weight (g) of EC to the volume (cc) 

of toluene/ethanol mixture, with the solvent ratio of 80/20 (v/v) and the weight to volume ratio of 

EC/HTPB equal to 0.75/0.25 (g/cc). The mixture including polymers was stirred for 2 hours. As a 

control experiment, the sample was also prepared in a binary mixture of ethanol/water 80/20 (v/v). 

This mixture was prepared at two different stirring times, 2 or 24 hours, and the obtained mixtures 

were whitish and opaque in both cases. 

For electrospinning, samples with 5, 10, 15 and 20% of EC with and without HTPB (EC/HTPB 

equal to 0.75/0.25 g/cc) were prepared in ethanol/water mixture, with the solvent ratio of 80/20 

(v/v) and the stirring was continued for 24 hours. As a control experiment, the sample was also 

prepared in a binary mixture of toluene/ethanol 80/20 (v/v) and the mixture was stirred for 2 hours. 

Finally, 1-5% by weight of TiO2 to the total weight of the blends was added to all prepared samples 

and the stirring was continued for an extra 2 hours. 

It should be noted that at a lower ratio of EC/HTPB (lower than 60/40 (g/cc)), it was not possible 

to obtain completely solidified cast films since no curing agent is added to the blends. However, 

for the blends at EC/HTPB equal to 0.75/0.25 (g/cc), prepared films and mats were truly solidified. 

4.3.2.2 Solution casting and electrospinning  

Polymer films were prepared from casting solution by a typical film casting method. The samples 

in the aluminum pans were dried by solvent evaporation under a fume hood for 5 hours. A digital 

micrometer was used to measure film thickness. It was not practical to obtain the uniform thickness 

for all films; however, the average thickness of cast films was around 200 µm. 

The electrospinning set up consists of a high voltage power supply, a syringe (plastic syringe for 

ethanol/water and glass one for toluene/ethanol mixtures), a syringe pump, a 21-gauge needle (OD 
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0.82 mm and ID 0.51 mm) and a collector. The solutions were fed into the needle through the 

mounted syringe on the syringe pump with a solution flow rate of 2.4 ml/hr. In all experiments, 20 

kV was applied to the collector, and the grounded needle was placed 125 mm far from the collector. 

All dried films and electrospun fibers were placed in a vacuum oven at 50 °C for 24 hours to extract 

moisture and solvent traces.  

4.3.3 Characterization 

4.3.3.1 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) was performed using Hitachi TM3030Plus equipment with 

an electron voltage of 15 kV to observe the surface morphology of electrospun mats. The samples 

were mounted on the top of double-sided adhesive carbon tape. ImageJ software was used to 

measure the fiber diameters in electrospinning samples; in all cases, at least 200 measurements 

were done. 

4.3.3.2 Fourier transform infrared (FTIR) 

Fourier transform infrared (FTIR) analysis in attenuated total reflection (ATR) mode was done by 

a Perkin Elmer spectrometer with a nominal resolution of 4 cm-1, 16 scans, and wavenumber from 

400-4000 cm-1.  

4.3.3.3 Rheological measurements 

Rheological measurements were done using MCR 502 rheometer made by Anton Paar at 23 °C 

with CC17 cylindrical measuring cell using a solvent trap filled with a low viscosity silicone oil to 

prevent solvent evaporation during measurements. Steady flow curve and frequency sweep tests 

(in the linear viscoelastic region) were performed on solutions. 

4.3.3.4 Electrical conductivity 

Electrical conductivity was measured using a conductometer (OAKTON PC 2700) at lab 

temperature (23±1 °C). 
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4.3.3.5 Surface tension  

Surface tension measurements were done using Dataphysics OCR series tensiometer (FDS) with 

pendant drop method. The pendant drop was created at the tip of the needle with the same gauge 

as the one used for electrospinning (21-gauge). 

4.3.3.6 Oxygen absorption measurement 

The concentration of oxygen inside a closed container was measured using an OpTech-O2 platinum 

oxygen analyzer (MOCON, Minneapolis MN). This analyzer is a non-destructive technique 

comprising an optical sensor based on platinum fluorescent chemistry that adheres inside the 

container and a handheld probe connected to data acquisition software that measures the oxygen 

concentration. 

Film specimens and fibrous mats were cut into the desired weight and placed in a glass bottle 

tightly sealed. The optical sensor adhered inside the wall of the flask and finally, the system was 

tightly sealed. The oxygen concentration inside the container was measured as a function of time, 

and the amount of oxygen absorption was calculated by subtracting the final concentration of initial 

concentration. 

4.4 Results and discussion 

As noted earlier, the ethanol/water mixture as a green solvent was used for electrospinning. The 

prepared blend in ethanol/water mixture was not transparent while the blend was well soluble in 

the mixture of toluene/ethanol, which has been used for the cast film preparation. Although EC 

was stable (not soluble) in ethanol/water mixture, HTPB was not soluble or even stably dispersible 

in this binary solvent and was sedimented. EC could immobilize HTPB in the prepared mixture to 

prepare the fibrous structure by electrospinning method. To examine the stability of this cloudy 

mixture in the syringe during the electrospinning process, which translates to the similar ratio of 

EC to HTPB in electrospun fibers compared to the solution initial composition, FTIR-ATR 

measurements were carried out on cast films and electrospun mats prepared from ethanol/water as 

well as toluene/ethanol mixture. 
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Figure 4.1 FTIR-ATR spectra of pure EC and pure HTPB. 

Figure 4.1 is the FTIR-ATR spectra of the most crucial absorption bands of pure phases. As seen 

EC and HTPB showed characteristic peaks at 3474 cm-1 and a broad peak in the range of 3300-

3400 cm-1, respectively. As reported in literature, these peaks are much lower than predicted 

stretching frequency of free OH at 3600 cm-1, which could be related to the presence of hydrogen 

bonding in EC and HTPB 22. 

 
Figure 4.2 Normalized FTIR-ATR spectra of cast blend in ethanol/water (E/W) after 2 hours 

mixing (control experiment), cast blend in E/W after 24 hours mixing (control experiment), cast 

blend in toluene/ethanol (T/E), electrospun blend in E/W, electrospun blend in T/E (control 

experiment) and pure EC; a) in the range of 3100 to 3800, b) in the range of 800 to 1250. 
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The region of interest in this study for the blends prepared by casting and electrospinning from two 

solution mixtures, ethanol/water and toluene/ethanol, is shown in Figure 4.2a and b. In these 

figures, all spectra were processed by baseline correction as close as possible to zero and 

normalization. Figure 4.2a shows the area attributed to the hydrogen bonding for the blends. 

Disappearance of the broad peak assigned to the intermolecular hydrogen bonding of HTPB for 

electrospun mat prepared in ethanol/water with 24 hours stirring time, and two other control 

experiments including the electrospun mat in toluene/ethanol and cast film in ethanol/water with 

24 hours stirring time, could indicate breakage of this intermolecular force and formation of new 

hydrogen bonding between remaining OH or ether groups of EC and OH end groups of HTPB. As 

another control experiment, the stirring time for the weak solvent (ethanol/water) reduced to 2 

hours in cast film; Interestingly, in this case, a broad shoulder is still seen in the blend similar to 

the one which exists in pure HTPB. Figure 4.2b indicates that the major peaks of EC and HTPB 

are also found in the blends. As seen the peak at 964 cm-1 due to the 1,4 trans in HTPB is clearly 

detectable in the blends. In pure HTPB we can also see sharp peaks at 911 cm-1 and 724 cm-1 due 

1,2 vinyl and 1,4 cis microstructure 23, 24, but, these peaks have somehow overlapped with EC and 

not considered for judging. The ratio of this peak at 964 cm-1 to the peak at 1054 cm-1 due to the 

C-O-C stretching in EC is almost similar in all cast and electrospun samples (in toluene/ethanol or 

in ethanol/water while mixing for 24 hours), which may verify the absence of considerable 

inhomogeneity, phase separation or sedimentation for the samples prepared in ethanol/water during 

electrospinning process, considering that all electrospun samples prepared in ethanol/water had 24 

hours stirring time. It should be noted that the spectra related to the cast blend prepared in 

ethanol/water with 2 hours stirring showed a remarkable increase in 964/1054 cm-1 band ratio, 

which proved inhomogeneity of the mixture at this insufficient mixing time. 

To gain insight on the flow behavior in the needle during electrospinning, frequency sweep and 

steady shear measurements were done on samples against shear rate and angular frequency, 

respectively, in the range of 0.01-100 (rad/s or s-1). 

The apparent shear rate at the needle wall can be estimated by considering the solutions as a 

Newtonian flow from Equation 4.1 25. 
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gaḃ= de
fgh

 Equation 4.1 

where g	̇ab is the apparent shear rate at the needle wall, Q is the volumetric flow rate in our 

electrospinning process (2.4 ml/h), and R is the radius of the needle (0.255 mm). The obtained 

value for the current process and needle size was about 51 s-1, which is in our rheological 

experiment region. 

 
Figure 4.3 a) Complex viscosity versus frequency of EC and EC/HTPB blends over various 

solution concentration ranges (10%, 15% and 20%) and with TiO2 (solution concentration of 20%), 

b) Complex and steady shear viscosities versus angular frequency and shear rate, respectively, for  

EC/HTPB blends at 20% solution concentration with and without TiO2 (steady (S) and frequency 

sweep (FS)). 

Complex viscosity results (Figure 4.3 a) indicated that over the solution concentration range 

between 10-20%, with and without HTPB, the viscosity increased with increasing the solution 

concentration. Meanwhile, adding HTPB to each concentration raised the viscosity values; this 

increase was more remarkable at 10%. Besides, as expected, the TiO2 addition (1 wt.%) at 20% 

solution concentration increased the viscosity values. The complex viscosity of the dilute solution 

at 5% concentration could not be measured due to the solvent evaporation during measurement 

despite using a solvent trap. 
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The Cox-Merz empirical rule between the magnitude of complex viscosity and steady-state shear 

viscosity against angular frequency and shear rate, respectively, applicable to homogeneous melts 

and solution, is shown in Equation 4.2 26. 

h(ġ) = |h∗(w)|	glẇ  Equation 4.2 

Steady shear viscosity measurements were also done on pure EC and EC/HTPB blend, at 20% 

solution concentration, with (1 wt.%) and without TiO2 (Figure 4.3 b). The results demonstrated 

that both measured complex and steady shear viscosities were similar in a wide range, except 

slightly different at shear rates lower than 0.1 s-1, which confirms holding the Cox-Merz rule for 

our solution even in the presence of HTPB and TiO2. This may verify the homogeneity of catalyzed 

and non-catalyzed blends at working concentration.  

The morphology and diameter of electrospun fibers may change with different parameters such as 

applied voltage, distance, concentration, and the type of the solvent. In this work, the results 

revealed that the morphology and fiber diameter did not change remarkably with changing the 

voltage from 15 to 20 kV and distance from 10 to 12.5 cm, but the effect of solution concentration 

was phenomenal. 
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Figure 4.4 SEM images of EC electrospun samples prepared from ethanol/water mixture at 

different concentrations: a) 5 %, b) 10%, c) 15% and d) 20%. 

Figure 4.4 shows the SEM images for pure EC dissolved in ethanol/water mixture at 5, 10, 15, and 

20 % solution concentrations. As seen, there is no fiber generation at lower concentrations (5 to 

15%), and electrospraying prevails instead of electrospinning. Fibers started to emerge at 20 % as 

a mixture of fibers and some beads, and the fiber average diameter measured by ImageJ was 

obtained 0.45±0.15 µm at this concentration. 

(a) (b)

(c) (d)
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Figure 4.5 SEM images of EC/HTPB electrospun mats prepared from ethanol/water mixture at 

different concentrations: a) 5 %, b) 10%, c) 15% and d) 20%. 

As noted earlier, HTPB was added to the ethanol/water solution of EC at different solution 

concentrations from 5 to 20 %, with the ratio of EC/HTPB equal to 0.75/0.25 (g/cc). Figure 4.5 

shows SEM images of EC/HTPB blends as a function of concentration. It seems that adding HTPB 

increased the tendency of the solution to form the fibrous structure. When the concentration of 

blend in the solution was 5 %, beads were generated in combination with a small number of thin 

fibers, however, the fiber diameter was significantly small, and it was easier to maintain the 

electrospinning process at this concentration due to the lower viscosity. For the blend, at 10% 

solution concentration, it was not possible to have fibers, but the fibrous structure emerged again 

for the blends at 15 and 20 %. Some beads and some ribbons appeared at 15 % in addition to fibrous 

structure with an average diameter equal to 0.3±0.1 µm, the uniform fibrous structure was obtained 

at 20% with an average diameter of 0.6±0.2 µm. As expected, fiber diameter was correlated directly 

to the concentration and viscosity of the solutions and increased with an increase in concentration 

and corresponding viscosity 27. Fiber average diameter at 20% was somehow higher than the 

(a) (b)

(d)(c)
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average diameter of pure EC solution (0.6 µm against 0.45 µm), however, in this case, the smooth 

fibrous structure was achievable. 

Interestingly, although HTPB is not a good filament-forming polymer by itself, attributing to its 

“sticky” nature, it seemed to have an effective contribution in enhancing filament-forming behavior 

of EC. As seen at 15 % solution concentration, injecting pure EC resulted in sprayed particles, 

whereas, the fibrous mat was driven from the blend at this concentration. Furthermore, at 20% 

concentration, it was not possible with a pure EC solution to reach the structure as smooth as the 

one resulting from the blend solution. Since all ambient and processing parameters were kept 

similar, the solution parameters like electrical conductivity, viscosity, and surface tension may 

affect the morphology of injected samples 28, 29. Electrical conductivity values at 15% solution 

concentration were 35±1 µS/cm for pure EC and 32±1 µS/cm for EC/HTPB, and at 20% solution 

concentration were 46±1 µS/cm for pure EC and 41±1 µS/cm for EC/HTPB. Even though the 

magnitude of conductivity was higher for pure EC, it did not favor the formation of fiber and 

elimination of sprayed particles at 15% solution concentration. However, higher conductivity 

resulted in lower fiber diameter for pure EC at 20% solution concentration, as expected. Based on 

viscosity data, blend viscosity was slightly higher than pure matrix, which could help fiber 

formation tendency of the blends at higher solution concentrations. 

To investigate the effect of adding HTPB on the surface tension values, surface tension 

measurements were carried out on pure EC and EC/HTPB blends at 15% and 20% solution 

concentrations. Measured values for pure EC and the blend solution was about 29±2 mN/m and 

27±2 mN/m at 15%, respectively. The values at 20% have apparently slightly decreased to 27±2 

mN/m for pure EC and 24±2 mN/m for the blend. Surface tension reduction resulted in an increase 

in surface area and more tendency to form fibril structure rather than spherical droplets 30. We 

recall although the chamber was used in all surface tension measurements to lower the effect of 

solvent evaporation, however, since the measured values for pure EC solutions and the solutions 

of EC/HTPB blends are very close, it is difficult to judge the reliability of obtained data with this 

method. 



43 

 

 

 

 
Figure 4.6 SEM images of EC/HTPB electrospun mats containing TiO2 prepared from 

ethanol/water mixture (a) 1% TiO2, b) 3% TiO2, c) 5% TiO2. 

SEM images of the surface of electrospun fibers containing 1 to 5% by weight TiO2 is shown in 

Figure 4.6. At 1%, TiO2 particles are hardly appearing on the surface of fibers, but with increasing 

the percentage of TiO2 from 1% to 3% and especially 5%, agglomerated particles can be obviously 

seen on the surface of the fibers. At 5%, there is a proper distribution of TiO2 particles, however, 

it is evident that there is an aggregation of these particles with a primary size of 20 nm. The average 

agglomeration equivalent diameter at the surface is around 1.2 ±0.5 µm for fibrous structure at 5% 

TiO2. It is clear from the image that some aggregated nanoparticles injected from the needle have 

an even larger diameter than electrospun fiber.  

In this work, TiO2 has been used to catalyze the oxidation of HTPB. Although the reaction 

mechanisms of our system are not studied, we expect photocatalyzed oxidation of HTPB in the 

presence of TiO2. The chosen grade of HTPB has higher trans and lower vinyl and cis content, 

which results in a higher oxidation rate due to the lower vinyl and more allylic hydrogens as an 

abstractable hydrogen atom. 

(a) (b) (c)
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Figure 4.7 Oxygen absorption versus time for a) Cast films and b) Electrospun mats. 

Oxygen absorption measurements were carried out on both film and fibrous samples. Figure 4.7 (a 

and b) shows the amount of absorbed oxygen per g of sample, while 1 g of each sample was placed 

in a closed container (275 cc volume) for 30 days. As seen for both structures, the amount of 

absorption was almost negligible for pure EC. Adding TiO2 as a photocatalytic semiconductor has 

increased the absorption rate of pure samples. Furthermore, blending EC with HTPB has 

significantly raised the absorption rate while TiO2 catalyzed this oxidation reaction, especially for 

fibrous structure due to the higher surface area in comparison with cast films. Although, the oxygen 

scavenging efficiency of fibrous structure was only about 10 % higher than cast films, due to the 

higher oxygen permeability of EC as the polymeric matrix, however, the use of ethanol/water as a 

green solvent makes it a better choice for industrial purposes. 

4.5 Conclusions 

 In this work, the oxygen absorption properties of ethyl cellulose (EC) and hydroxyl terminated 

polybutadiene (HTPB) blends have been studied. The blends were catalyzed with TiO2, and oxygen 

scavenging samples were prepared using cast and electrospinning methods from different solvent 

mixtures. Morphology of electrospun mats was investigated using SEM. Morphological 

observations confirmed that adding HTPB increased the tendency of solutions to obtain a smooth 

fibrous structure owing to the increase in viscosity and the reduction in surface tension. Oxygen 

absorption measurements were carried out on cast films and electrospun mats for pure EC and 
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blends containing HTPB, with and without TiO2. The oxygen absorption results showed that adding 

HTPB as an unsaturated resin, increased oxygen scavenging properties of EC as a polymeric 

matrix. Moreover, the addition of TiO2 accelerated the oxidation of HTPB as an effective 

photocatalyst. The oxygen absorption efficiency of the fibrous structure was somehow higher than 

cast film as a result of higher surface area in direct contact with available oxygen in a closed 

container. Our study not only provided the methodology to electrospun the novel blend of EC and 

HTPB from ethanol/water mixture as a green solvent but also illustrated the photocatalytic activity 

of TiO2 to oxidize HTPB without direct UV radiation. Thus, we opened up a new innovative 

technique for preparing highly efficient oxygen scavengers for packaging applications. 

4.6 Acknowledgements  

The authors gratefully thank 3SPack NSERC (Natural Science and Engineering Research Council 

of Canada), and ProAmpac, the industrial partner of 3SPack Chair for funding this project and 

financial support. 

 

  



46 

 

 

 

4.7 References 

1.    Lee, J.-S.;  Chang, Y.;  Lee, E.-S.;  Song, H.-G.;  Chang, P.-S.; Han, J., Ascorbic Acid-Based 

Oxygen Scavenger in Active Food Packaging System for Raw Meatloaf. Journal of Food Science 

2018, 83 (3), 682-688. 

2.    Dey, A.; Neogi, S., Oxygen scavengers for food packaging applications: A review. Trends in 

Food Science & Technology 2019, 90, 26-34. 

3.    Cahill, P. J.; Chen, S. Y., Oxygen scavenging condensation copolymers for bottles and 

packaging articles. 2000, US 6083585 A, U. S. Patent and Trademark Office. 

4.    Coquillat, M.;  Verdu, J.;  Colin, X.;  Audouin, L.; Nevière, R., Thermal oxidation of 

polybutadiene. Part 1: Effect of temperature, oxygen pressure and sample thickness on the thermal 

oxidation of hydroxyl-terminated polybutadiene. Polymer Degradation and Stability 2007, 92 (7), 

1326-1333. 

5.    Speer, D. V.;  Morgan, C. R.; Roberts, W. P., Methods and compositions for oxygen 

scavenging. 1993, US 5211875 A, U. S. Patent and Trademark Office. 

6.    Speer, D. V.;  Morgan, C. R.;  Roberts, W. P.; VanPutte, A. W., Multilayer structure for a 

package for scavenging oxygen. 1994, US 5350622 A, U. S. Patent and Trademark Office. 

7.    Vermeiren, L.;  Devlieghere, F.;  van Beest, M.;  de Kruijf, N.; Debevere, J., Developments in 

the active packaging of foods. Trends in Food Science & Technology 1999, 10 (3), 77-86. 

8.    Liang, Y.;  Agarwal, S.; Greenfield, A., Oxygen scavenger system in a polyolefin matrix. 2015, 

US 8962740 B2, U. S. patent and Trademark Office. 

9.    Arena, F.;  Dainelli, D.; Jr., L. B. M., Oxygen scavenging films. 2018, US 2018/0134013 A1, 

U. S. Patent and Trademark Office. 

10.    Sawa, Y.;  Yamada, T.;  Hirayama, Y.; Muramatsu, K., Oxygen-absorbing resin compositions 

containing organic oxygen absorber. 2019, US 2019/0161610 A1, U. S. patent and Trademark 

Office. 



47 

 

 

 

11.    Busolo, M. A.; Lagaron, J. M., Oxygen scavenging polyolefin nanocomposite films 

containing an iron modified kaolinite of interest in active food packaging applications. Innovative 

Food Science & Emerging Technologies 2012, 16, 211-217. 

12.    Serpone, N.;  Lawless, D.; Khairutdinov, R., Size effects on the photophysical properties of 

colloidal anatase TiO2 particles: size quantization versus direct transitions in this indirect 

Semiconductor? J. Phys. Chem 1995, 99, 16646-16654. 

13.    Hitosugi, T.;  Yamada, N.;  Nakao, S.;  Hirose, Y.; Hasegawa, T., Properties of TiO2-based 

transparent conducting oxides. physica status solidi (a) 2010, 207 (7), 1529-1537. 

14.    Ricketts, S. R.; Douglas, P., A simple colorimetric luminescent oxygen sensor using a green 

LED with Pt octaethylporphyrin in ethyl cellulose as the oxygen-responsive element. Sensors and 

Actuators B: Chemical 2008, 135 (1), 46-51. 

15.    Douglas, P.; Eaton, K., Response characteristics of thin film oxygen sensors, Pt and Pd 

octaethylporphyrins in polymer films. Sensors and Actuators B: Chemical 2002, 82 (2), 200-208. 

16.    Mills, A.;  Doyle, G.;  Peiro, A. M.; Durrant, J., Demonstration of a novel, flexible, 

photocatalytic oxygen-scavenging polymer film. Journal of Photochemistry and Photobiology A: 

Chemistry 2006, 177 (2), 328-331. 

17.    Huang, Z.-M.;  Zhang, Y. Z.;  Kotaki, M.; Ramakrishna, S., A review on polymer nanofibers 

by electrospinning and their applications in nanocomposites. Composites Science and Technology 

2003, 63 (15), 2223-2253. 

18.    Leidy, R.; Maria Ximena, Q.-C., Use of electrospinning technique to produce nanofibres for 

food industries: A perspective from regulations to characterisations. Trends in Food Science & 

Technology 2019, 85, 92-106. 

19.    Frey, M. W., Electrospinning cellulose and cellulose derivatives. Polymer Reviews 2008, 48 

(2), 378-391. 



48 

 

 

 

20.    Nikmaram, N.;  Roohinejad, S.;  Hashemi, S.;  Koubaa, M.;  Barba, F. J.;  Abbaspourrad, A.; 

Greiner, R., Emulsion-based systems for fabrication of electrospun nanofibers: food, 

pharmaceutical and biomedical applications. RSC Advances 2017, 7 (46), 28951-28964. 

21.    Ahmad, B.;  Stoyanov, S.;  Pelan, E.;  Stride, E.; Edirisinghe, M., Electrospinning of ethyl 

cellulose fibres with glass and steel needle configurations. Food Research International 2013, 54 

(2), 1761-1772. 

22.    Murali Sankar, R.;  Saha, S.;  Seeni Meera, K.; Jana, T., Functionalization of hydroxyl 

terminated polybutadiene with biologically active fluorescent molecule. Bulletin of Materials 

Science 2009, 32 (5), 507-514. 

23.    Zhou, Q.;  Jie, S.; Li, B.-G., Facile synthesis of novel HTPBs and EHTPBs with high cis-1,4 

content and extremely low glass transition temperature. Polymer 2015, 67, 208-215. 

24.    Cavalcanti, O. A.;  Petenuc, B.; Bedin, A. C., Characterisation of ethylcellulose films 

containing natural polysaccharides by thermal analysis and FTIR Spectroscopy. Acta Farm. 

Bonaerense 2004, 23 (1), 53-57. 

25.    Pakravan, M.;  Heuzey, M. C.; Ajji, A., Core-shell structured PEO-chitosan nanofibers by 

coaxial electrospinning. Biomacromolecules 2012, 13 (2), 412-21. 

26.    Santamaria, A.;  Lizaso, M. I.; Munoz, M. E., Rheology of ethyl cellulose solutions. 

Macromolecular Symposia 1997, 114, 109-119. 

27.    Gupta, P.;  Elkins, C.;  Long, T. E.; Wilkes, G. L., Electrospinning of linear homopolymers 

of poly(methyl methacrylate): exploring relationships between fiber formation, viscosity, 

molecular weight and concentration in a good solvent. Polymer 2005, 46 (13), 4799-4810. 

28.    Huan, S.;  Liu, G.;  Han, G.;  Cheng, W.;  Fu, Z.;  Wu, Q.; Wang, Q., Effect of Experimental 

Parameters on Morphological, Mechanical and Hydrophobic Properties of Electrospun Polystyrene 

Fibers. Materials 2015, 8 (5), 2718-2734. 

29.    Pillay, V.;  Dott, C.;  Choonara, Y. E.;  Tyagi, C.;  Tomar, L.;  Kumar, P.;  du Toit, L. C.; 

Ndesendo, V. M. K., A Review of the Effect of Processing Variables on the Fabrication of 



49 

 

 

 

Electrospun Nanofibers for Drug Delivery Applications. Journal of Nanomaterials 2013, 2013, 1-

22. 

30.    Friedemann, K.;  Turshatov, A.;  Landfester, K.; Crespy, D., Characterization via Two-Color 

STED Microscopy of Nanostructured Materials Synthesized by Colloid Electrospinning. Langmuir 

2011, 27 (11), 7132-7139. 

31.    Li, H., Kinetics and mechanisms of the oxidation processes for unsaturated-hydrocarbon-

modified scavengers Theses and Dissertations 2010. 

32.    Hoffmann, M. R.;  Martin, S. T.;  Choi, W.; Bahnemann, D. W., Environmental applications 

of semiconductor photocatalysis. Chemical reviews 1995, 95, 69-96. 

33.    Carraway, E. R.;  Hoffman, A. J.; Hoffmann, M. R., Photocatalytic Oxidation of Organic 

Acids on Quantum-Sized Semiconductor Colloids. Environmental Science & Technology 1994, 

28 (5), 786-793. 

34.    Lin, H.;  Huang, C. P.;  Li, W.;  Ni, C.;  Shah, S. I.; Tseng, Y.-H., Size dependency of 

nanocrystalline TiO2 on its optical property and photocatalytic reactivity exemplified by 2-

chlorophenol. Applied Catalysis B: Environmental 2006, 68 (1), 1-11. 

35.    Madhusudan Reddy, K.;  Manorama, S. V.; Ramachandra Reddy, A., Bandgap studies on 

anatase titanium dioxide nanoparticles. Materials Chemistry and Physics 2003, 78 (1), 239-245. 

  



50 

 

 

 

 ARTICLE 2: NOVEL PARTIALLY MISCIBLE POLYMER 

BLENDS OF ETHYL CELLULOSE AND HYDROXYL TERMINATED 

POLYBUTADIENE  

Zahra Kordjazi, Abdellah Ajji * 

3SPack, Research Center for High Performance Polymer and Composite Systems (CREPEC), 

Chemical Engineering Department, Polytechnique Montréal, Montréal, Québec H3C 3A7, Canada  

Submitted to ACS Applied Materials and Interfaces, November 11, 2019 

5.1 Abstract 

The phase behavior of the recently developed blend of ethyl cellulose (EC) and hydroxyl 

terminated polybutadiene (HTPB) was investigated using thermal and thermomechanical analysis 

as well as morphological and topographical images. The complexity in the phase structure of this 

system is most probably related to the presence of special hydrogen bonding interactions between 

the blend’s components verified by FTIR-ATR measurements, which could lead us to expect some 

degree of miscibility in our blends. The presence of partial miscibility was also predicted using the 

miscibility guideline by Coleman and Painter. Scanning electron microscopy (SEM) revealed well 

dispersed trapped microdomains in the matrix that could be related to HTPB rich phase. Moreover, 

atomic force microscopy (AFM) images showed different contrasts, which could be translated to 

the presence of partial miscibility and conjugated phases in the system. In addition, differential 

scanning calorimetry (DSC) analysis was performed to verify this concept in conjunction with 

dynamic mechanical thermal analysis (DMTA) measurements. Although glass transition 

temperatures were not well pronounced by DSC measurements, DMTA curves obviously depicted 

turning glass transition temperatures from one at the lowest HTPB composition into two and three 

transitions at two higher HTPB compositions, which confirmed the presence of partial miscibility 

in our blends. 
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5.2 Introduction 

Hydroxy-terminated polybutadiene (HTPB) is known as a highly oxidizable polymer due to the 

unsaturated character of repeated units. It has a variety of applications such as a binder system of 

composites, improving toughness in thermosets as well as a few reports on oxygen scavenging 

applications 1-4. Besides, ethyl cellulose (EC) as a high oxygen permeable polymer 5, 6 serves as an 

excellent choice to be blended with HTPB for oxygen scavenging applications. 

Blending of polymers is a relatively simple and cheap method to develop new materials with the 

characteristics of both polymers that each individual component does not fulfill 7-10. However, most 

of the polymers are thermodynamically immiscible with a coarse interface and poor adhesion 

between components. Although no more than a few miscible blends have been identified, it is well 

demonstrated that the existence of some special interactions improves the miscibility or at least the 

compatibility between the components of the blend. Indeed, miscibility demands beneficial 

interactions between blend components such as hydrogen bonding, dipole-dipole and ionic 

interactions 11-13. The degree of inter-associated hydrogen bonding in hydrogen-bonded polymer 

blends is a decisive criterion in the miscibility of the blends; however, nearly all the blends 

containing inter-associated hydrogen bonding are known to be partially or fully miscible 14, 15. Over 

the years, many efforts have been made to deal with the effect of special interactions like hydrogen 

bonding on the miscibility of polymer blends with the focus on Flory-Huggins theory 16. Coleman 

and Painter have involved infrared methodologies in regulating parameters expressing the number 

of different types of available hydrogen bonding which are used to add a term of ∆Go/RT, as the 

free energy of hydrogen bonding, to the classic Flory-Huggins theory (Equation 5.1) 17-20. 

ΔGt
RT =

ϕI	ln	(ϕI)
NI

+
ϕ$	ln	(ϕ$)

N$
+ χI$ϕIϕ$ +

ΔGo
RT  

Equation 5.1 

Whereas, ΔGt is the change of free energy of mixing that needs to be negative to reach a 

homogeneous miscible polymer blend. R is the gas constant, T is the temperature, ϕI and ϕ$ are 

the volume fraction of polymer 1 and polymer 2 in the blend, NI and N$ are the segment numbers 

of polymers (degree of polymerization), and χI$ is the Flory interaction parameter. The first two 

terms refer to combinatorial entropy, which has a minimal contribution to the free energy of 
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mixing. χI$ϕIϕ$ is named as “physical” forces with the unfavorable positive contribution against 

∆Go/RT, which is termed as “chemical” forces with a favorable negative contribution. The latter 

reflects various concentration terms and equilibrium constants of hydrogen bond distribution that 

are obtained from infrared spectroscopic data. In fact, miscibility is controlled by the balance 

between the contribution of these two terms. In basic Flory-Huggins theory where there is no 

contribution from “chemical” forces, critical interaction parameter (χz{|}) should not exceed 0.002 

to make certain that miscibility occurs (assuming N1=N2=1000, before taking into account the 

unfavorable effects such as free volume).  

Interaction parameter 𝜒 is related to Hildebrand solubility parameters of the two polymers (𝛿I and 

𝛿$) using the following equation in the presence of van der Waals forces 17, 21-22. 

𝜒 =
𝑉\
𝑅𝑇 (𝛿I − 𝛿$)

$ Equation 5.2 

Here, assuming a reference volume of 𝑉\ = 100 cm3mol-1, the critical solubility parameter 

difference of 0.1 (cal.cm-3)1/2 is calculated for the critical interaction parameter of 0.002 17. 

However, in the approach by Coleman and Painter, in the presence of favorable contribution from 

“chemical” forces (i.e. when ∆Go/RT < 0), χz{|} will be higher than 0.002 depending on the 

magnitude of this contribution. In particular, strong hydrogen bonding results in a miscibility at a 

higher critical value of χz{|} > 1, in accordance with higher non-hydrogen bonded solubility 

parameter difference Ddn-h of about 5 MPa1/2. 

To the best of our knowledge, no research was performed on blending HTPB with EC and 

particularly the phase behavior of this blend. In this article, the presence of partial miscibility was 

predicted using FTIR and theoretical calculations and verified by combining morphological and 

thermal analyses. 
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5.3 Experimental 

5.3.1 Materials 

Ethyl cellulose (EC), 48% ethoxy, with the viscosity of 10 cP and density of 1.14 g/cm3, toluene 

(99.9 %), and ethanol (99.9%) were purchased from Sigma Aldrich. Hydroxyl terminated 

polybutadiene (HTPB) R-45HTLO (60% trans, 20% cis and 20% vinyl content, molecular weight 

Mn=2800 and density=0.9 g/cm3 and hydroxyl functionality 2.4-2.6) was kindly received as the 

gift sample from Total Cray Valley. 

5.3.2 Sample preparation 

5.3.2.1 Preparation of solutions  

To prepare the mixtures, HTPB was added to a solution of 5% by weight (g) of EC to the volume 

(cc) of a binary solvent system of toluene and ethanol 80/20 (v/v). Weight to volume ratios of 

EC/HTPB were chosen equal to 0.93/0.7, 0.85/0.15 and 0.75/0.25 (g/cc) which are called 7, 15 and 

25% HTPB, respectively. The mixtures were stirred for 2 hours which resulted in a transparent 

solution. As a control sample, the sample at 0.75/0.25 (g/cc) composition was also prepared in 5% 

by weight (g) of EC to the volume (cc) of a binary solvent system of ethanol and water 80/20 (v/v). 

This mixture was also stirred for 2 hours and the obtained mixture was whitish and cloudy. 

It is worth mentioning that no curing agent was added to the blends, and at lower ratio of EC/HTPB 

than 0.6/0.4 (g/cc), it was not practical to have a completely solidified film.  

5.3.2.2 Solution casting  

Polymer films were prepared by a typical film solution casting method. Solution mixtures in 

aluminum pans were dried by solvent evaporation under a fume hood for 5 hours. A digital 

micrometer was used to measure film thickness. It should be noted that it was not easy to obtain 

the same thickness for all films; however, the average thickness of cast films was around 200 µm. 

All dried films were placed in a vacuum oven at 50 °C for 24 hours to extract moisture and solvent 

traces. 
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5.3.3 Characterization 

5.3.3.1 Fourier transform infrared (FTIR) 

Fourier transform infrared (FTIR) analysis in attenuated total reflection (ATR) mode was done by 

a Perkin Elmer spectrometer, with a nominal resolution of 4 cm-1, 16 scans and, wavenumber from 

400-4000 cm-1.  

5.3.3.2 Scanning electron microscopy (SEM) 

Scanning Electron Microscopy (SEM) was done using Hitachi TM3030Plus equipment with an 

electron voltage of 15 kV to observe the cross section of cryo-fractured cast films.  

5.3.3.3 Gas pycnometer 

Density measurements were performed on cast films using micromeritics AccuPyc ll 1340 gas 

pycnometer equipment.  

5.3.3.4 Atomic force microscopy (AFM) 

The topography of the cross section of cast films microtomed under liquid nitrogen as well as the 

surface of cast films was probed (125 µm TESPA air probe) using an Atomic Force Microscopy 

(AFM) machine (NanoScope V Dimension Icon/Fastscan AFM; Bruker; USA), in tapping mode.  

5.3.3.5 Differential scanning calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) (Q1000, TA Instrument, New-Castle, DE, USA) was 

used to analyze the thermal behavior of the pure HTPB and cast films of pure EC and the blends. 

Three scanning cycles were conducted under a nitrogen atmosphere between -90 to 190 °C, at 

heating and cooling rates of 10 °C/min.  

5.3.3.6 Dynamic mechanical thermal analysis (DMTA) 

Dynamic mechanical thermal analysis (DMTA) was performed using a TA Instrument dynamic 

mechanical and thermal analyzer (DMA 2980) under tensile configuration on rectangular samples. 
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The temperature was ramped from -100 to 140 °C using a rate of 3 °C min-1. All tests were done 

at a frequency of 1 Hz and the amplitude of 30 µm in the linear viscoelastic region. Glass transition 

temperatures (Tgs) were determined as the temperature corresponding to the peak of loss modulus.  

5.4 Results and discussion 

To study the existence of inter-associated hydrogen bonding in the blends, FTIR-ATR 

measurements were carried out on pure HTPB and cast films of pure EC and EC/HTPB blends at 

25% HTPB.  

Figure 5.1 a shows the FTIR-ATR spectra of pure phases within the range 3150 to 3750 cm-1. 

Characteristic peak at 3474 cm-1 and the shoulder at 3300-3400 cm-1 are attributed to the hydrogen 

bonding in EC and HTPB, respectively. These peaks are much lower than the assigned stretching 

frequency of free OH reported at 3600 cm-1 23, 24. To study the existence of intra or intermolecular 

hydrogen bonding in the blends 25, FTIR-ATR measurements were done on the blends prepared in 

two different solution mixtures, and the spectra are shown in Figure 5.1 b.  

 

Figure 5.1a) FTIR-ATR spectra of pure EC and pure HTPB, b) Normalized FTIR-ATR spectra of 

cast blend (25% HTPB) in ethanol/water, cast blend (25% HTPB) and pure EC in toluene/ethanol. 
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All spectra were corrected by setting the baseline to zero and normalization.  

Figure 5.1 b depicts the area attributed to the hydrogen bonding for the blends. As seen clearly, the 

shoulder assigned to the intermolecular hydrogen bonding of HTPB was vanished most probably 

owing to the replacement of these intermolecular forces with intrachain hydrogen bonding between 

OH end groups of HTPB and OH or ether groups of EC, for the blend prepared in toluene/ethanol 

mixture. As a control experiment, the solution was replaced with ethanol/water as a poor solvent 

with similar mixing time. The prepared mixture was not transparent, and the broad shoulder related 

to the intermolecular hydrogen bonding between HTPB chains appeared again. 

Table 5.1 Small’s molar attraction constants, and molar volumes 26-28 

 Molar attraction constant (MPa1/2 cm3 mol-1) 
by Small Molar volume (cm3 mol -1) 

 Fi V 
= CH - 226 13.5 
= CH2 388 28.5 
	C/
\ H$ 272 16.1 
	C/
\ H	- 57 -1 
- CH3 437 33.5 
- O - 143 3.8 
OH - 10 
Ring 194-215 16 

To judge the miscibility in our blends, the difference between non-hydrogen-bonded solubility 

parameters of the components is employed. To calculate non-hydrogen-bonded solubility 

parameter for the components of our blends, we followed the assumption made by Coleman and 

Painter to estimate the non-hydrogen bonded solubility parameters, by taking the ether group 

contribution instead of OH group and calculating the solubility parameter from group contribution 

method using molar attraction constant by Small which is given by Equation 5.3. 

𝛿 =
∑𝐹𝑖
𝑉  

Equation 5.3 

Where Fi and V refer to molar attraction constants and molar volume, respectively (Table 5.1) 28, 

29.  
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The calculated solubility parameter of HTPB was estimated as 16.7 MPa1/2. In spite of the existence 

of hydrogen bonding in HTPB, it is important to declare that OH terminal groups do not contribute 

in calculating the solubility parameter for HTPB since they are not included in repeat unit. The 

calculated solubility parameter of EC was estimated as 18.3 MPa1/2 and consequently the non-

hydrogen bonded solubility parameter difference was obtained 1.6 MPa1/2 for our blend. As 

discussed in the literature review, Coleman and Painter introduced a miscibility guideline that can 

predict the miscibility in many polymer blends; in this guideline, the presence of weak hydrogen 

bonding results in the critical value of interaction parameter in the range 0.02-0.2 which translates 

to non-hydrogen bonded solubility parameter between 1.0-2.0 MPa1/2. For moderate hydrogen 

bonding, the χz{|} value increases to 0.2-1 with Ddn-h in the range 2.0-5.0 MPa1/2 and for strong 

hydrogen bonding the χz{|} value increases to 1-1.5 with Ddn-h in the range 5.0-6.0 MPa1/2. These 

relations between interaction parameters and non-hydrogen bonded solubility parameter 

differences are obtained assuming the reference volume of 100 cm3mol-1. This is a good assumption 

for our blend, since the molar volume of our components are calculated as about 171 and 58 

cm3mol-1 for EC and HTPB, respectively (Table 1), which results in a reference volume of about 

100 cm3mol-1 (𝑉\ = (𝑉I𝑉$)I/$, in which V1 and V2 are the volume per mer (molar volume) of 

components 1 and 2 22). Depending on the strength of hydrogen bonding, we could employ any 

upper limit of Ddn-h from weak to strong hydrogen bonding, to predict the miscibility of our blend. 

Although, we do not have any previous pattern to validate the strength of the hydrogen bonding in 

our blends to consider the proper exact upper limit, however, even at weaker hydrogen bonding 

(critical solubility difference between 1-2 MPa1/2), the estimated non-hydrogen bonded solubility 

difference value (1.6 MPa1/2) is still in the range and it is not ingenious to at least have some partial 

miscibility in our blends, bearing in mind that the existence of hydrogen bonding was proved by 

FTIR-ATR spectra. 
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Figure 5.2 SEM images of EC/HTPB cast blend prepared at different HTPB compositions; a) Pure 

EC, b) 7% HTPB, c) 15% HTPB, d) 25% HTPB. 

Figure 5.2 shows SEM images of the cross-sectional microstructure of pure EC and EC/HTPB 

blends at different HTPB compositions, 7, 15 and 25%. At the lowest composition of HTPB (7%), 

the SEM image did not show any dispersed domain, which could be originated from the miscibility 

of the blend at this ratio or not detectability of the domains by used SEM. SEM image of the blends 

at higher compositions of HTPB (15 and 25%) revealed dispersed elliptical domains that could 

possibly be related to HTPB. However, we were suspicious of these domains to be voids in the 

samples. To judge about these domains, density measurements were done on the samples at 25% 

HTPB and even at the higher composition of HTPB equal to 40%. Measured densities were 

(a) (b)

(c) (d)
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1.05±0.00 (g/cm3) and 1.09±0.01 (g/cm3) for 40% and 25% HTPB, respectively. The results were 

in a very good agreement with calculated densities considering disperse domains as HTPB, which 

contradicts the presence of voids in our blends.  

 

Figure 5.3 DSC heat flow ((a) First heating, (b) second heating), and (c) DMTA loss modulus as 

a function of temperature for pure EC and EC/HTPB blends at various compositions; 7, 15 and 

25% HTPB. 

To further asses the miscibility of our blends, thermal and thermomechanical analyses are 

performed on cast films. Knowing the glass transition temperatures of pure components and the 

blends is another way to investigate the miscibility in polymer blends. If the blend is showing two 

Tg values for the pure components independent of the blend’s composition, the polymer blend is 

fully immiscible. If the blending is drawing the position of Tgs together, the miscibility is 

happening between the components to some extent. In general, full miscibility is happening when 

a broad single glass transition is found for the blends 30. DSC measurements were carried out on 

cast films of pure EC and the blends at various compositions, 7, 15 and 25% of HTPB. The melting 

and glass transition of samples were acquired and discussed at first and second heating (Figure 5.3a 

and b). Even though DSC measurements were done between -90°C to 190°C, DSC thermograms 

did not show any detectable phenomenon at temperatures lower than room temperature.  As seen, 

at first and second heating scans, the melting temperature (Tm) values of EC has decreased from 

178 °C for pure EC to 165 °C for the blend with the highest composition of HTPB (25%). This 
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phenomenon verifies the existence of special interactions between phases, which was predicted by 

FTIR and calculated solubility parameters. As also seen elsewhere, DSC first heating for pure EC 

shows some extra curvatures in a very broad region between 30°C to 100 °C 31, in addition to 

melting and glass transition temperatures of pure EC at about 178 °C and 128 °C, respectively. 

This behavior makes it challenging to assess glass transition temperatures of the blends at different 

compositions.  

To evaluate the Tgs of our blends, DMTA measurements were done on the cast films, as a more 

sensitive procedure. Glass transition of polymers can be determined from any of the three 

viscoelastic parameters derived from DMTA measurements, storage modulus onset, the peak of 

loss modulus or tan (delta). In our work, the loss modulus peak had a better representation of Tg 

values. Figure 5.3c depicts the loss modulus as a function of temperature for pure EC and EC/HTPB 

cast films at various compositions, 7, 15 and 25% of HTPB. DMTA curve represents that the 

transition for pure EC, around 130 °C, is in a good agreement with the DSC result. It was not 

practical to run DMTA measurement for pure liquid HTPB, however, the glass transition for HTPB 

is reported -70 °C by the supplier. Analysis of DMTA results confirmed shifting in Tgs of pure 

components at different compositions. The film at 7% HTPB displays only one glass transition 

temperature at 125 °C, slightly lower than the one of the pure EC. This phenomenon may support 

the presence of miscibility at this composition, which was earlier represented by SEM image. At 

15% HTPB, Tg values of components shifted toward each other and the blend presented transitions 

at 84 and -40 °C. The blend at 25% HTPB showed transitions at 70, 10 and -40 °C. These changes 

in thermal behavior led us to believe that our blends could be partially miscible owing to special 

hydrogen bonding interactions between the components of the blends.  

Apparent weight fractions of EC and HTPB in EC rich and HTPB rich phases can be estimated by 

the Fox equation which is used to calculate glass transitions in miscible polymer blends 32, 33. Using 

the Fox equation, the glass transition temperatures of EC rich phase (𝑇���)\US6) and HTPB rich 

phase (𝑇�^���)\US6) in partially miscible domains can be estimated as following equations:  



61 

 

 

 

1
𝑇���)\US6

=
	𝑤����)\US6

	𝑇���
+
𝑤^�����)\US6

𝑇�^���
 

Equation 5.4 

1
𝑇�^���)\US6

=
𝑤��^���)\US6

𝑇���
+
𝑤^���^���)\US6

𝑇�^���
 

Equation 5.5 

Which can be rearranged as: 

𝑤^�����)\US6 =
𝑇�^���(𝑇��� − 𝑇���)\US6)
𝑇���)\US6(𝑇��� − 𝑇�^���)

 
Equation 5.6 

𝑤��^���)\US6 =
𝑇���(𝑇�^��� − 𝑇�^���)\US6)
𝑇�^���)\US6(𝑇�^��� − 𝑇���)

 
Equation 5.7 

Where 𝑇���  and 𝑇�^���are glass transition temperatures of EC and HTPB, respectively. 𝑤��^���)\US6 

and 𝑤^���^���)\US6are compositions of EC and HTPB in HTPB rich phase, and 𝑤����)\US6 and 

𝑤^�����)\US6are compositions of EC and HTPB in EC rich phase, respectively. The calculated phase 

composition of EC and HTPB rich phases of the blends at various sample compositions 

corresponded to obtained Tgs from DMTA measurements is presented in Table 5.2. 

Table 5.2 Glass transitions and corresponding phase compositions in partially miscible domains 

for pure component and the blends at various compositions; 7, 15 and 25% HTPB. 

Sample Tgs (ºc) 𝑤����)\US6 𝑤^���^���)\US6 
Pure EC  130 100 - 
EC/HTPB 7% 125 98 - 

EC/HTPB 15% 84 87 - 
-40 - 75 

EC/HTPB 25% 
70 82 - 
10 56 - 
-40 - 75 

Pure HTPB  -70 - 100 

To better investigate the morphological structure of the surface and cross section of cast blends, 

AFM measurements were carried out on the samples at 25% HTPB.  
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Figure 5.4 AFM height (a,d), phase (b,e) and 3d height (c,f) images of surface (top) and cross-

section (bottom) of cast blend at 25% HTPB. 

The height, phase and 3D height images for the surface and cross-section of cast film at 25% HTPB 

are shown in Figure 5.4. In both surface and cross-sectional images, the darker regions in 2D height 

and phase images are related to the soft domains (HTPB rich phase), and the lighter regions are 

corresponded to hard domains (EC rich phase). One can envisage domains with medium contrast, 

which could be corresponded to the conjugated phases identified by DMTA measurements at this 

composition. The concave regions clearly seen in 3D height images could be formed owing to the 

free motion of soft HTPB chains, similar behavior is found to happen in polyurethane samples 34, 

35 .SEM cross-sectional and AFM surface and cross-sectional images revealed that HTPB rich 

cylinders are uniformly dispersed and distributed in the EC rich matrix. The average diameter of 

the cylinders and the average height of cylinders were obtained by ImageJ software (at least 200 

2 µm

2 µm2 µm

2 µm

(a) (b) (c)

(d) (e) (f)
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measurements) from AFM and SEM images, as 0.8±0.3 µm and 0.4±0.1 µm, respectively at 25% 

HTPB.  

It thus implies, even though prediction of the phase behavior of our blends including the 

components with different chemical structure and physical aspect, was so challenging; However, 

applying additional thermal and morphological methods allowed us to detect the presence of partial 

miscibility by filling the gaps and covering the defects associated with each method.  

5.5 Conclusions 

In this work, we aim to explain the phase behavior of the novel blend of EC and HTPB at different 

compositions using thermal and morphological analysis. Although the presence of hydrogen 

bonding interactions by FTIR-ATR spectra in conjunction with estimated non-hydrogen bonded 

solubility parameter difference could predict some extent of miscibility or partial miscibility 

between phases, we needed more experimental measurements to proof the idea. SEM images 

revealed well dispersed trapped microdomains of HTPB rich phase in EC rich matrix at two higher 

HTPB concentrations. AFM analysis illustrated the darker and lighter regions with some contrast 

which was corresponded to the presence of conjugated phases. Further to DSC measurements, 

DMTA curves clearly illustrated two and three glass transition temperatures at two higher HTPB 

concentrations for partial miscibility. This partial miscibility is happening owing to special 

hydrogen bonding interactions between the components. 
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6.1 Abstract 

The purpose of this study was to investigate the oxygen scavenging properties of TiO2 catalyzed 

hydroxyl terminated polybutadiene (HTPB) blends with low density polyethylene (LDPE) and 

polylactic acid (PLA) matrices, prepared by melt extrusion. SEM and AFM images demonstrated 

homogenously dispersed domains of HTPB in both matrices. In LDPE/HTPB blends, a 

hydrocarbon wax was added to overcome the undesirable phase separation. In PLA/HTPB blends, 

based on DSC and DMTA analyses, we concluded that most probably a chemical reaction is 

happening between carboxylic end groups of PLA chains and the hydroxyl end groups of HTPB. 

The oxygen absorption measurements of the blends illustrated that the oxidation of HTPB was 

accelerated in the presence of TiO2 photocatalyst and the oxygen absorption efficiency of the 

blends has increased with increasing the HTPB composition. 

6.2 Introduction 

The packaging industry has developed new technologies to fulfill the sheer volume of demands to 

improve the freshness of stored food products. Active packaging is one of the innovatory 

approaches that has been grown progressively to satisfy these requirements 1, 2. Food spoilage is 

happening by oxidation of fats or vitamins present in a food product, which causes the growth of 

microorganisms such as bacteria, yeasts, and molds. Oxygen scavengers in the form of active 



69 

 

 

 

packaging absorb the oxygen from the headspace of the package and increase the shelf life of food 

products 3-5. 

Although most common oxygen scavengers such as inorganic particles including iron powder are 

moisture activated 6-10, some unsaturated organic scavenging systems can absorb the oxygen 

without the necessity of moisture presence. Unsaturated hydrocarbons such as polyisoprene and 

polybutadiene have attracted many interests in oxygen scavenging applications. Polybutadiene has 

been applied in non-functionalized or functionally terminated structures with chemical groups such 

as hydroxyl, carboxyl, epoxy or amide groups to improve its compatibility with the polymer matrix. 

In a patent by W. R. Grace & Company, substituted or unsubstituted ethylenically unsaturated 

hydrocarbons such as 1,2- polybutadiene and a transition metal catalyst such as cobalt 

neodecanoate has been used as oxygen scavenging composition. In this invention, the composition 

was exposed to radiation to initiate oxygen scavenging and facilitate the oxidation 11, 12. In a patent 

by Cryovac, styrene/butadiene copolymer in the presence of transition metal catalysts including 

cobalt based catalysts and a photoinitiator has been used. The composition was triggered by actinic 

radiation and then stored in a container to prevent any considerable oxidation during storage. In 

this patent, it is proposed to trigger oxygen scavenging in the film production line and then store 

the active film in a container, to be used in the packaging production line 13. BP Amoco developed 

an oxygen scavenging system including a catalyzed copolymer of hydroxyl terminated 

polybutadiene and polyethylene terephthalate (PET) catalyzed with cobalt octoate for bottles and 

packaging articles 14. In a different study, epoxy terminated polybutadiene catalyzed with cobalt 

stearate was incorporated in nylon 6, and the single layer film at the thickness of 100 µm was 

produced for oxygen absorption study. The oxygen scavenging result at 7.5% by weight epoxy 

terminated polybutadiene and 0.25% by weight catalyst showed an absorption of 8 mg oxygen per 

gram of film at this composition 15. 

However, in these unsaturated organic scavenging systems the oxidation rate is very low. Although 

applying classical transition metal catalysts increases the absorption rate 5, 16-19, but there are some 

limitations in these classical transition metal catalysts including the reduction in transparency, 

mixing difficulties and potential toxicity that should be considered 20. 
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In this work, we aim to use the two most common engineering plastics in the film packaging 

industry; low density polyethylene (LDPE) and polylactic acid (PLA) as polymeric matrices for 

HTPB. Even though functionalization of low molecular weight polybutadiene improves its 

blending potential with non-olefinic polymer like PLA through chemical reactions or interactions, 

however, it cannot prevent phase separation occurring during blending with polyolefins like LDPE.  

On the other hand, to catalyze the oxygen absorption of our blends, TiO2 is applied as a catalyst. 

TiO2 has attracted much attention in various industrial applications owing to its low cost, low 

toxicity, and relatively high stability 21-23. Based on our knowledge, there is no research performed 

on TiO2 catalyzed HTPB based scavenging systems prepared by melt extrusion. In this work, 

oxygen absorption of LDPE/HTPB and PLA/HTPB scavenging films containing TiO2 has been 

investigated. 

6.3 Experimental 

6.3.1 Materials 

Polylactic acid (PLA) 2003D from NatureWorks, low density polyethylene (LDPE) 611A from 

Dow Chemical and hydroxyl terminated polybutadiene (HTPB) R-45HTLO gifted from Total Cray 

Valley (60% trans, 20% cis and 20% vinyl content, molecular weight Mn=2800 and hydroxyl 

functionality 2.4-2.6) are used as polymeric phases. Sasolwax H1 Fischer-Tropsch hard wax was 

donated from Sasol. TiO2 (cpurity>99.5 %, trace metal basis) with 21 nm primary particle sizes 

was purchased from Sigma Aldrich.  

6.3.2 Sample preparation 

6.3.2.1 Melt compounding and cast film extrusion 

A fully intermeshing co-rotating twin-screw extruder (Leistritz ZSE 18 HP- Nuremberg, Germany) 

with 18 mm screw diameter and length to diameter (L/D) ratio of 40 was used to prepare the 

compounds and cast films. For compounding, a circular die (2 mm diameter) was mounted on the 
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barrel exit, and a water bath was employed to cool the extruded filament. The continuous extruded 

was led directly into pelletizer (Model BT 25, Scheer Bay Co.) to be pelletized properly.  

For cast film preparation, the circular die was replaced by a slit die followed by cooling with an air 

knife. Films were stretched with chill rolls at ambient temperature to the desired thickness (between 

50-80 micron). To diminish the effect of thickness on our characterizations, we chose films with 

approximately the same thickness in all measurements. 

6.3.2.2 LDPE/HTPB compounding and cast film extrusion 

For LDPE/HTPB blends, a preliminary experiment was designed to determine the mixability of 

the components. Mixing was done in a batch internal mixer Brabender in 50 rpm, 160 °C and 10 

min residence time. In this condition, the phase separation occurred, so the blending was not 

practical. Afterward, we added a hydrocarbon wax to solve the blending issue. At first, the wax 

was compounded in Brabender with HTPB at the ratio of Wax/HTPB equal to 2/1 in 50 rpm, 110 

°C and 15 min residence time. Then, the primary compound was added to LDPE at 160 °C in 

Brabender in 50 rpm. To do so, LDPE was melted for 2 min, and then the Wax/HTPB compound 

was added, and mixing was continued for 10 min. After finding procedures, melt compounding 

was carried out in the twin-screw extruder in two steps. First, the wax was fed into the hopper, and 

liquid HTPB containing 5 wt.% TiO2 was added through the side feeder (Siemens) connected to 

the zone 3, so that the final composition of Wax/HTPB was equal to 2/1, the same ratio as our 

preliminary experiment. The screw speed was 25 rpm and the temperature profile was set at 

95/100/110/100/95 °C, from hopper to die. The Wax/HTPB compound was ground to the powder 

form. Second, LDPE was fed into the hopper and the obtained powder compound was added by 

side feeder to reach the composition of HTPB in LDPE/Wax/HTPB compound equal to 70/20/10 

(called 10 wt.% HTPB). The temperature profile for LDPE/Wax/HTPB compound from the hopper 

to die was 175/180/180/185/185 °C, and the screw speed was 100 rpm. Finally, single layer cast 

films were prepared from final compound in three different compositions including 6, 8 and 10 

wt.% of HTPB. Also, pure LDPE film was prepared as a control sample. The temperature profile 

and screw speed for film extrusions were similar to the compounding step.  
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6.3.2.3 PLA/HTPB compounding and cast film extrusion 

PLA was initially dried before compounding with HTPB, for 24 h in a vacuum oven at 60 °C. To 

compound PLA with HTPB, PLA was fed into the hopper, and the side feeder was connected to 

the zone 3 to feed liquid HTPB containing 5 wt.% TiO2 into the twin-screw to reach the 

composition of HTPB in PLA/HTPB compound equal to 87/13 (called 13 wt.% HTPB). Single 

layer cast films were prepared from compound in three different compositions including 7, 10 and 

13 wt.% of HTPB. Besides, pure PLA film was prepared as a control sample. For PLA/HTPB 

blends, the screw speed was 150 rpm and the temperature profile was set at 175/180/185/185/190 

°C, from hopper to die, for both compounding and cast film extrusion. 

6.3.3 Characterization 

6.3.3.1 Scanning electron microscopy (SEM) 

Scanning Electron Microscopy (SEM) (Hitachi TM3030Plus equipment) was conducted on the 

cross-section of cryo-fractured cast films for PLA and LDPE matrices with an electron voltage of 

15 kV.  

6.3.3.2 Differential scanning calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) (Q1000, TA Instrument, New-Castle, DE, USA) was 

carried out to analyze the thermal behavior of the pure resins and cast films. The first heating cycle 

was performed under a nitrogen atmosphere between -80 to 180 °C, at a heating rate of 10 °C/min.  

6.3.3.3 Dynamic Mechanical thermal analysis (DMTA) 

Dynamic mechanical thermal analysis (DMTA) was done using a TA Instrument (DMA 2980) 

under tensile configuration on rectangular samples. The temperature was ramped (3 °C min-1) 

between -100 to 150 °C and -135 to 65 °C, for PLA and LDPE matrices, respectively. All tests 

were performed at a frequency of 1 Hz and an amplitude of 30 µm in the linear viscoelastic region. 

Glass transition temperatures (Tgs) were determined as the temperature corresponding to the peak 

of loss modulus. 
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6.3.3.4 Atomic force microscopy (AFM) 

The surface topography of the microtomed cast films under liquid nitrogen was probed (125 µm 

ACTA probe) using an Atomic Force Microscopy (AFM) machine (NanoScope V Dimension 

Icon/Fastscan AFM; Bruker; USA), in PeakForce QNM tapping mode.  

6.3.3.5 Oxygen absorption measurement 

An OpTech-O2 platinum oxygen analyzer, MOCON, Minneapolis MN, was used to measure the 

concentration of oxygen inside a sealed glass container. In this non-destructive analyzer, an optical 

sensor (platinum fluorescent) adheres inside the container, and a handheld probe connected to data 

acquisition software measures the oxygen inside the container. 

Film specimens were placed into glass containers in which an optical sensor adhered inside the 

wall of the container and was tightly sealed. The oxygen concentration inside the container was 

measured as a function of time, and the amount of oxygen absorption was calculated by subtracting 

the final concentration of initial concentration.  

To be able to compare the results, we chose the films with approximately the same thickness, and 

films were cut in a way to have identical weight (1 g) for all samples; also, all bottles had the same 

volume (275 cc).  

6.4 Results and discussion 

As noted earlier, owing to the non-affinity and the difference in molecular weights and 

corresponding viscosities of LDPE and HTPB as a liquid low molecular weight hydroxyl end group 

functionalized polybutadiene, undesired phase separation occurred during melt blending. 

Therefore, we used a hydrocarbon wax to be capable of mixing LDPE with HTPB. The typical 

viscosity value of used Sasolwax H1 was 8 cP at 130°C, which is still different from the viscosity 

of used liquid HTPB (5000 cP at 30°C), however, it was practical to mix the wax with HTPB at 

Brabender and twin-screw extruder. Due to the good affinity between the used wax and LDPE, the 

prepared Wax/HTPB compound was easily blended with LDPE. 
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Figure 6.1 SEM cross-sectional images of LDPE cast films a) LDPE/Wax (75/25), b) 

PE/Wax/HTPB (82/16/8) and PLA cast films c) Pure PLA, b) PLA/HTPB (90/10) (all 

compositions contain 5 wt.% TiO2 to the weight of HTPB) prepared by melt extrusion. 

Figure 6.1 shows SEM images of the cross-sectional microstructure of LDPE/Wax/HTPB/TiO2 

and PLA/HTPB/TiO2 extruded cast films in 8 and 10 wt.% of HTPB in LDPE and PLA, 

respectively. As mentioned, 5 wt.% TiO2 to the weight of HTPB is added to all compositions.  SEM 

images of the blends did not show any aggregation of TiO2 particles in those magnifications, which 

revealed a good dispersion and distribution of these particles in our extruded films. The elliptical 

dispersed domains in the blends (Figure 6.1 b and d) could be related to the HTPB phase. But we 

were suspicious of these domains to be voids in our samples, to clarify, the density measurements 

were done on the blends and the results were similar to the calculated densities considering these 

dispersed domains as HTPB, which disputed the presence of voids in our blends.  

(b)(a)

(d)(c)
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Figure 6.2 a) First heating DSC heat flow as a function of temperature for pure LDPE, LDPE/Wax 

and LDPE/Wax/HTPB films as well as pure Wax and Wax/HTPB compound, b) Loss modulus as 

a function of temperature for pure LDPE, LDPE/Wax and LDPE/Wax/HTPB films (all 

compositions contain 5 wt.% TiO2 to the weight of HTPB). 

The DSC on the first heating run (a) and DMTA (b) curves for pure LDPE, LDPE/Wax and 

LDPE/Wax/HTPB films at different compositions (6, 8 and 10 wt.% HTPB) as well as pure Wax 

and Wax/HTPB compound (only DSC curves) are shown in Figure 6.2 and the results are 

summarized in Table 6.1. The glass transition (Tg) of pure HTPB is about -70 °C, according to 

supplier data sheet; however, our DSC measurements could not detect any transition at lower 

temperatures for pure HTPB or the blends. Therefore, even though the minimum temperature for 

DSC measurements was set at -80°C, the DSC thermograms are shown between 30 to 150°C for 

LDPE based samples. Degree of crystallinity (cc) calculated according to the following equation, 

using the first DSC heating cycle to express the thermal history as a result of film processing 

condition 24. 

𝑋�% =
∆𝐻�

∆𝐻��𝑊������\
∗ 100 Equation 6.1 

In which, ∆𝐻� is the melting enthalpy from the first heating scan of the films including LDPE,  

∆𝐻�� is the heat of fusion for 100% crystalline LDPE as of 293 J/g 25, 26, and 𝑊������\ is the weight 

fraction of LDPE matrix in the blend.  
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Table 6.1 Summery of DSC and DMTA results for pure LDPE, LDPE/Wax and LDPE/Wax/HTPB 

films as well as pure Wax and Wax/HTPB compound (only DSC curves). 

Sample DSC DMTA 
Tm (°C) ∆𝐻� (J/g) 𝑋�% Tg-LDPE Tg-HTPB 

Pure LDPE 113 53 18 -16 … 
Pure Wax 110 235 … … … 

Wax/HTPB (67/33) 100 141 ca. 10 % less 
than pure Wax … … 

LDPE/Wax (75/25) 115 89 40 -11 … 
LDPE/Wax/HTPB 
(82/12/6) 115 53 22 -14 … 

LDPE/Wax/HTPB 
(76/16/8) 115 55 24.6 -11 -70 

LDPE/Wax/HTPB 
(70/20/10) 115 56 27 -11 -70 

As seen in Wax/HTPB compound DSC thermogram, the addition of HTPB to the wax has 

decreased its melting temperature (Tm) and melting enthalpy which later brings a corresponding 

change in crystallinity content, approximately 10% lower than pure Wax. These reductions could 

indicate the affinity of HTPB to the wax; on one hand, HTPB may act as a defect point for the wax 

which resulted in a decrease in crystallinity content of the wax, on the other hand, it can increase 

the mobility of wax chains which resulted in a reduction in Tm.  

In LDPE/Wax as well as the blends containing HTPB, the wax melting point at 110°C has 

disappeared, and one single endothermic peak was observed at 115°C, slightly higher than the Tm 

of LDPE at 113°C. As presented in Table 6.1, the crystallinity content of LDPE matrix in pure 

LDPE has increased by the addition of the wax. The same value as pure LDPE was evaluated for 

the blend with the lowest content of added Wax/HTPB compound (6 wt.% HTPB) and has slightly 

increased by increasing Wax/HTPB compound. It seems that the increase in melting enthalpy and 

crystallinity content of the LDPE matrix with increasing Wax/HTPB compound has somehow 

suppressed in the presence of HTPB, comparing with the addition of pure Wax.  

Even though one melting peak is depicted for LDPW/Wax and the blends including Wax/HTPB 

compound, the increase in enthalpy and corresponding crystalline content is happening in the range 

between 70 to 110 °C, the area in which the pure Wax melting is happening. Therefore, although 
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we could not detect a second melting temperature for the wax in the blends, however, we may not 

be able to interpret the disappearance of Tm of the wax as full miscibility between LDPE and wax, 

despite the fact that the wax mainly co-crystallizes with LDPE and could be miscible in 

macroscopic level 27-29. DMTA results presented glass transition temperatures for pure LDPE, 

LDPE/Wax and the blends with HTPB at different compositions. As mentioned earlier, in 

PE/HTPB blends, the wax was applied to prevent the phase separation between components. As 

shown here, the glass transitions of LDPE and HTPB are not drawing together, therefore, there is 

no miscibility or partial miscibility between LDPE and HTPB for this compatibilized blend. LDPE 

has a glass transition between -100 and -140 °C and another transition between -25 and 10°C, as 

reported in literature 30. In our blends, the secondary Tg of pure LDPE at about -16°C, shifts to a 

higher temperature for LDPE/Wax, and the blends including Wax/HTPB compound at three 

compositions. As presented, this raise in glass transition temperature, increased with increasing the 

content of Wax/HTPB compound in the blends. However, the similar increase in Tg of LDPE has 

happened for LDPE/Wax, this change probably is happening due to the presence of some extra 

wax which is not co-crystallizing with LDPE and is getting caught in amorphous LDPE which 

affects and facilitates the segmental chain mobility of LDPE matrix. As noted, the glass transition 

for HTPB is reported -70 °C by the supplier. Although there is no transition detectable at -70 for 

the composition with the lowest content of Wax/HTPB compound, this transition has appeared for 

the compositions with higher HTPB content at this temperature which confirm immiscibility of 

this component with LDPE.  
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Figure 6.3 a) First heating DSC heat flow as a function of temperature for pure PLA  and 

PLA/HTPB films, b) Loss modulus as a function of temperature for pure PLA and PLA/HTPB 

films (all compositions contain 5 wt.% TiO2 to the weight of HTPB) 

Figure 6.3 presents the DSC on the first heating run (a) and DMTA (b) curves of pure PLA and 

PLA/HTPB blends at three compositions (7, 10 and 13 wt.% HTPB), and the summary of the 

results is presented in Table 6.2. DSC thermograms for PLA/HTPB blends are also shown at a 

shorter range between 30 to 180°C since no transition was detectable at lower temperatures. As 

seen in Figure 6.3a, for PLA/HTPB blends at first heating, Tg of the pure PLA did not almost 

change in DSC thermogram of the blends (it was slightly lower at 13 wt.%), but Tm values of PLA 

has decreased with the addition of HTPB content. Moreover, Cold crystallization exothermic peak 

was seen for pure PLA and the blends. 𝑋�  in the presence of cold crystallization is evaluated 

according to the following equation, using the first DSC heating cycle 31. 

𝑋�% =
∆𝐻� − ∆𝐻SS
∆𝐻��𝑊������\

∗ 100 Equation 6.2 

In which, ∆𝐻SS is melting and cold crystallization enthalpies from the first heating scan of PLA 

blends,  ∆𝐻�� is the heat of fusion for 100% crystalline PLA as of 93 J/g 32, 33, and 𝑊������\ is the 

weight fraction of polymer. For pure PLA film, the degree of crystallinity was very low (0.1 %), 

which reveals an almost amorphous structure. As presented in Table 6.2, by addition of HTPB and 

increasing its concentration, the crystalline content (𝑋�) of PLA has increased. Many researchers 

have studied the effect of nucleating agents on crystalline rate and content for PLA 34-36. Although 
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we have not studied the kinetics of crystallization for our blends, our DSC results confirmed that 

HTPB is acting as a nucleating agent knowing its chemical potential to react or interact with PLA 

matrix. 

Table 6.2 Summery of DSC and DMTA results for pure PLA and PLA/HTPB films  

Sample 
DSC DMTA 
Tm 
(°C) 

Tc 
(°C) 

∆𝐻� 
(J/g) 

∆𝐻S 
(J/g) 𝑋�% Tg-PLA Tg-HTPB 

Pure PLA 148 116 13 12.9 0.1 59 … 
PLA/HTPB 
(93/7) 146 113 21.1 20 1 60 … 

PLA/HTPB 
(90/10) 146 115 21.4 18.9 3.0 63 … 

PLA/HTPB 
(87/13) 146 116 20.11 13.5 8.2 60 … 

As noted earlier, DSC thermograms did not show the expected transitions at lower temperatures 

related to HTPB in our compositions, Therefore, to verify the changes in Tgs of components in our 

blends and accordingly presence of chemical reactions or favorable interactions, DMTA 

measurements were done on the samples as a more delicate technique. In this study, the loss 

modulus peak was appropriately representative of Tg values in our samples. As depicted in Figure 

6.3b, for HTPB/PLA blends, the Tg of HTPB was disappeared. Disappearance of the glass 

transition of HTPB suggested the possibility of the attachment of these chains to PLA chains 

through occurrence of a chemical reaction between carboxyl end groups of PLA and a considerable 

amount of OH end groups of HTPB. As such, on the contrary to LDPE blends, the glass transition 

of HTPB has disappeared and the one for PLA has slightly increased. However, at the highest 

content of HTPB in PLA/HTPB blend (13 wt.% HTPB), the Tg of PLA was lower than 10 wt.% 

HTPB. This shift to lower temperature may be related to the presence of some un-reacted HTPB 

chains trapped in amorphous PLA, which facilitate its segmental chain motions. There could also 

be the possibility of chemical interactions between un-reacted hydroxyl end groups of HTPB and 

hydroxyl or carbonyl groups of PLA. The disappearance of Tg of HTPB and the increase in Tg of 

PLA demonstrated the absence of any miscibility in our blends, since the glass transitions are not 

drawing together. 



80 

 

 

 

 

Figure 6.4 AFM height (a,e), phase (b,f), 3D height (c,g), and adhesion (d.h) images of 

LDPE/Wax/HTPB (76/16/8) (top) PLA/HTPB (90/10) (bottom) films by melt extrusion (all 

compositions contain 5 wt.% TiO2 to the weight of HTPB). 

The height, phase, and adhesion images for the cross-section of cast LDPE and PLA blends are 

shown in Figure 6.4. As expected, the AFM height (a and e) and modulus images (b and f) showed 

darker dispersed regions most probably related to HTPB in the lighter regions of LDPE and PLA 

matrices. As clearly seen in 3D height images (c and g), these dark domains form concave regions, 

owing to the free motion of soft HTPB chains and the corresponding capillary action. In addition, 

adhesion images (d and h) showed the presence of higher adhesion (bright whitish areas) in 

dispersed domains which confirms the presence of HTPB in these dark areas. In spite of the 

presence of chemical reactions or interactions in PLA/HTPB blends, distinguishable dark and light 

microdomains related to HTPB and PLA phases in AFM images demonstrated that these chemical 

interactivities are happening between the end of HTPB chains located on the boundary of HTPB 

domains dispersed in PLA matrix and the PLA chains. This result is in a good agreement with 

DMTA thermograms which did not show any miscibility in the blends.  

It should be noted that for all blends, we also tried regular tapping mode; however, especially for 

LDPE/Wax/HTPB blends, in which the presence of wax gives the higher roughness bumpy 

topography to the surface, the height and phase images could not distinctly show HTPB domains 
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4 µm
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in our blends. In fact, PeakForce tapping images illustrated how this mode provided the capability 

to distinguish the phases of our blends. 

 

Figure 6.5 Oxygen absorption efficiency of the films prepared by melt extrusion; a) LDPE matrix, 

b) PLA matrix (all compositions contain 5 wt.% TiO2 to the weight of HTPB, instead of the one 

mentioned without TiO2). 

Oxygen absorption measurements were carried out on the films with both LDPE and PLA matrices. 

Figure 6.5 a and b show the amount of absorbed oxygen per g of LDPE and PLA matrices, 

respectively; while 1 g of each sample was placed in a closed container (275 cc volume) for 30 

days. As PLA is a biodegradable material, we were expecting some absorption for this pure matrix, 

as well, however, the amount of absorption was almost negligible for pure PLA. As noted earlier, 

all blends include 5 wt.% TiO2 to the weight of HTPB, which is acting as photocatalyst in our 

blends. It is seen that the absorption rate and amount have increased by increasing TiO2 catalyzed 

HTPB, in all blends. The maximum absorption reached about 30 cc/g after 30 days for the films 

containing 10 wt.% HTPB in LDPE and about 28 cc/g after 30 days for the films containing 13 

wt.% HTPB in PLA.  

Oxygen concentration is a limiting factor and the main concern in photocatalytic reactions. To 

prevent charge recombination of photogenerated electrons and holes in TiO2, it is required to have 

enough oxygen to react with produced electrons. In this work, the chosen grade of HTPB has higher 

trans and cis, and lower vinyl content, which results in the presence of double bonds with higher 

electron density as well as more allylic hydrogen. In this condition, even though TiO2 is a UV 

active photocatalyst, interestingly, we found a synergic effect while applying TiO2 to HTPB. In 
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this oxidation reaction, TiO2 is capable of catalyzing the oxidation reaction without particular direct 

UV radiation. The consequence of this redox reaction is achieving the samples with proper oxygen 

scavenging properties. 

6.5 Conclusions 

In this work, HTPB catalyzed TiO2 has been developed as a novel, non-toxic and versatile oxygen 

scavenging composition. We observed a uniform dispersion of HTPB in our LDPE and PLA 

matrices, using SEM and AFM images. The physically stable blend in the LDPE matrix was formed 

when the wax was added to the compound. The disappearance of the glass transition of HTPB in 

the PLA matrix suggested the occurrence of chemical interconnections between PLA and HTPB 

chains. Our study demonstrated the photocatalytic activity of TiO2 to catalyze the oxidation of 

HTPB to achieve a proper oxygen scavenging efficiency by melt extrusion method.  
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 GENERAL DISCUSSION 

In many cases, food spoilage is due to oxidation of fats or vitamins present in a food product which 

causes the growth of microorganisms such as aerobic bacteria, yeasts, and molds 4. In recent years, 

proper packaging technologies remove oxygen from the headspace of the package by absorption 

or scavenging. Growing research in the field of active packaging, especially oxygen scavenging, 

reflect the urgent and sheer volume of demands to maintain the freshness, safety, and sustainability 

of food products 4, 6, 75. However, most of the available oxygen scavengers in active packaging 

films do not satisfy the requirements to be applicable in dry or low humidity food products because 

of their need to the presence of moisture to be activated 27, 30, 71. Based on the published literature, 

unsaturated organic scavenging systems have the potential to absorb oxygen without the necessity 

of moisture presence, but their low oxidation rate is the main challenge attributed to these types of 

scavenger that has been improved by applying transition metal catalysts 9-14, 76, in spite of their 

toxicity as the biggest imperfection. On the other hand, the permeability of polymeric matrices to 

oxygen and particularly selecting high oxygen permeable matrices, depending on the preparation 

technique, can improve the scavenging potential. 

This invention proposes an important step in developing efficient unsaturated hydrocarbon-based 

oxygen scavenging systems containing photocatalytic semiconductors that can be activated without 

the necessity of moisture presence. There is a significant need to improve oxygen absorption 

efficiency without the addition of toxic catalysts with cost-effectiveness, which is our main 

objective. 

In the first part of this work (chapter 4), we selected EC as the polymeric matrix. EC has been 

chosen owing to its high oxygen permeability coefficient to permit oxygen molecules to reach the 

scavenger species 17, 18. HTPB, a low molecular weight liquid hydroxyl terminated unsaturated 

polybutadiene was selected as the main oxygen absorber. Low molecular weight liquid HTPB has 

higher oxidation rates than higher molecular weight polybutadiene, and the hydroxyl 

functionalization makes it a good candidate to have an affinity with EC as our polymeric matrix. 

The first challenge was finding a proper mixture of solvents to be able to overcome the solution 

blending of our components. Toluene/ethanol is introduced as a suitable solvent for EC and the 
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solution was still transparent while adding HTPB and was used to prepare cast films. However, we 

were looking for a non-toxic green solvent mixture that could solve or steadily disperse our 

components. As such, we offered ethanol/water mixture, and we could successfully use this mixture 

for the electrospinning process 73, 77-81. Interestingly, the EC/HTPB blend in ethanol/water mixture 

showed even a better electrospun ability than pure EC solution. The stability and homogeneity of 

our blend in ethanol/water solution was investigated and verified using FTIR-ATR 82, 83 and 

rheological measurements 84, 85.  

The second challenge was proposing a non-toxic chemically stable catalyst that could accelerate 

the oxidation of HTPB as our main scavenger. TiO2 was added to the mixtures, and the oxygen 

scavenging properties of prepared samples were examined. Oxygen absorption measurements were 

done on electrospun mats as well as cast films for pure EC and EC/HTPB blends, with and without 

TiO2. The oxygen absorption measurements demonstrated that a highly efficient oxygen 

scavenging capacity was obtained in our catalyzed blends with TiO2. Moreover, as expected, 

electrospun samples had higher scavenging efficiency compared to cast films. Our results opened 

up a new innovative catalyzed system along with applicable solution-based techniques to prepare 

oxygen scavengers for packaging applications. 

Thus, based on our results, HTPB catalyzed with TiO2 can be a proper candidate for acting as the 

main oxygen scavenger. Although the first part of this work was a proof of concept for catalyzing 

effect of TiO2 to accelerate the oxidation of HTPB; however the lack of understanding the 

microstructure of our components led us to study the phase behavior of this developed blend in the 

second article. 

In the second part of this work, the phase behavior of our oxygen scavenging blends of EC and 

HTPB was investigated. The existence of hydrogen bonding in our blends was proved by FTIR-

ATR spectra. We used the approach by Coleman and Painter to theoretically gain insight about the 

presence of partial miscibility in our blends attributing to the presence of hydrogen bonding. Our 

calculated non-hydrogen bonded solubility difference 86-91 was lower than the upper limit for the 

blends containing weak to strong hydrogen bonding, which allowed us to at least consider some 

partial miscibility in our blends with favorable hydrogen-bonding interactions 1, 92. 
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To further investigate the microstructure of our blends, SEM morphological analysis was 

performed on the samples. Although at the lower composition of HTPB, the SEM image did not 

show any dispersed domain, which could be originated from the miscibility of blend’s component 

at this composition, the images at the higher composition of HTPB depicted dispersed elliptical 

domains that could possibly be related to HTPB rich phase. Differential scanning calorimetry 

(DSC) measurements along with dynamic mechanical thermal analysis (DMTA) were carried out 

on the blends to investigate the presence of partial miscibility. The results revealed that the glass 

transition temperatures of components were shifted towards each other, which confirmed the 

presence of partial miscibility in our blends. AFM analysis was also performed on the blend at the 

highest HTPB composition. In both surface and cross-sectional images, the darker and lighter 

regions were detected along with some medium contrast areas, which could be corresponded to the 

conjugated phases identified by DMTA measurements. The outcome of this part, submitted as the 

second article, was done to understand the possible microstructure of the blends containing HTPB 

in a polymeric matrix.  

Even though EC was interestingly chosen due to its particularly high oxygen permeability nature, 

however, to extend the processability of our novel scavenging system to melt extrusion, we needed 

to find new polymeric matrices to be used instead of EC. As such, another big challenge of this 

study was the selection of suitable polymeric matrices that satisfy our needs; 1) the chosen 

polymeric matrices should not preferably be high barrier to oxygen, 2) they should be processable 

by melt extrusion method and 3) they should contain reactive group to react with hydroxyl end 

group of HTPB or need to be compatible or get compatibilized with HTPB to reach a proper 

dispersion of HTPB in those matrices. 

These criteria led us to start working with PLA and LDPE particularly for their common industrial 

applications. The selection of these polymers enabled us to use melt extrusion as a common 

industrial method to prepare scavenging films. 

PLA, as a biodegradable polyester 93, 94 with carboxylic groups at the end of the chains, seemed to 

be a proper choice for reactive melt blending with HTPB. Thermal analyses thermograms (DSC 
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and DMTA) showed that most probably a reactive extrusion is happening in our PLA/HTPB 

blends. 

As a second option, LDPE was selected for melt blending with HTPB as one of the most common 

polyolefins used in the melt extrusion industry. For LDPE/HTPB blends, we designed a 

preliminary experiment to determine the mixability of the components. As such, blending was 

preliminarily carried out in a batch internal mixer, however, we encountered an undesirable phase 

separation, and it was not practical to mix the components. This separation is happening because 

of non-affinity, the difference in molecular weights, and corresponding viscosities of the LDPE 

and HTPB. To solve this issue, we used a hydrocarbon wax 95-97 to be capable of mixing LDPE 

with HTPB. The reported typical viscosity value of our wax was still different from the viscosity 

of liquid HTPB, but much lower than the difference between LDPE and HTPB.  Prepared 

Wax/HTPB compound was interestingly blended with LDPE, attributing to the good affinity 

between wax and LDPE. 

The morphological structure of the samples was investigated using SEM and AFM images, and the 

phase behavior of the blends was investigated using DSC and DMTA measurements. SEM images 

in conjunction with AFM topographies could distinguish homogenously dispersed domains of 

HTPB in polymeric matrices.  

Successfully, our oxygen absorption measurements performed on prepared cast films by melt 

extrusion for both matrices demonstrated the catalytic activity of TiO2 to catalyze the oxidation of 

HTPB in our blends. Thus, this work is a proof-of-concept of applicability of our novel scavenger 

in LDPE and PLA matrices, which may widely include a range of polyolefins and polyesters by 

melt extrusion.
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 CONCLUSIONS AND RECOMMANDATIONS 

8.1 Summary and Conclusions  

This thesis investigated the development of an oxygen scavenging system and its potential to be 

processed by solution and melt techniques to be used in the food packaging industry. This work 

emphasized the importance of advancing the novel oxygen scavenging system that can be activated 

without the necessity of moisture presence. In this chapter, we present the primary outcomes 

achieved from this thesis, with respect to the three major publications. They are summarised as 

follow: 

The first part of the thesis was dedicated to demonstrate a proof-of-concept for oxygen absorption 

efficiency of EC/HTPB blends catalyzed with TiO2. Oxygen scavenging samples were prepared 

by solution casting and electrospinning methods from different solvent mixtures. SEM analysis 

was carried out on the blends and pure EC electrospun mats at different solution concentrations to 

examine the fiber formation tendency while adding HTPB. We examined the solution parameters 

such as electrical conductivity, viscosity, and surface tension to study the effect of HTPB addition 

on these parameters and understand how they affect the fiber formation 73, 77, 98, 99. Besides, the 

absorption measurements were performed on cast films and electrospun mats for pure EC and 

blends containing HTPB, with and without TiO2.  

The major outcomes of this part are given as: 

1) SEM morphological images for electrospun samples showed that the addition of HTPB 

has increased the tendency of solutions to obtain a smooth fibrous structure. 

Interestingly, we found out that the addition of HTPB ameliorated the tendency of 

solutions to form fibers. 

2)  Although electrical conductivity has decreased by the addition of HTPB, other 

parameters favored the fiber formation. Blend viscosity was slightly higher than pure 

matrix, which apparently helped fiber formation tendency of the blends at higher 

solution concentrations. Moreover, the surface tension was lower in the blends in 
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comparison with pure EC. The reduction in surface tension while adding HTPB 

increased surface area which favored the fiber formation. 

3) The results confirmed that adding HTPB has increased the oxygen scavenging 

properties of EC as a polymeric matrix. Further, the addition of TiO2 has catalyzed the 

oxidation of HTPB as an effective photocatalyst. On the other hand, the oxygen 

absorption efficiency of the fibrous structure was somehow higher than cast film as a 

result of higher surface area in direct contact with available oxygen in a closed 

container. 

In the second part of this research, we examined the presence of partial miscibility in EC/HTPB 

blends. The morphological structure of EC and HTPB blends at different compositions was 

investigated using thermal and morphological analysis. The accomplished results from this part 

are: 

1) ATIR-ATR spectra in conjunction with estimated non-hydrogen bonded solubility 

parameter difference predicted the presence of partial miscibility between components, 

due to the existence of hydrogen bonding, 

2) AFM and SEM images depicted well dispersed trapped microdomains of HTPB rich 

phase in the EC rich matrix at higher HTPB concentrations. AFM images showed 

different contrasts, which could be translated to the presence of conjugated phases of 

EC and HTPB due to partial miscibility, 

3) In conjunction with DSC measurements, DMTA curves clearly illustrated two and three 

glass transition temperatures at higher HTPB concentrations for partial miscibility.  

The third part of this thesis is allocated to the proof-of-concept for oxygen scavenging of 

PLA/HTPB and LDPE/HTPB blends prepared by melt extrusion. Compounding was performed at 

different compositions and the cast films were prepared using the melt extrusion method. Mixing 

uniformity and the microstructure of the blends were studied using morphological (SEM and AFM) 

along with thermal analysis (DSC and DMTA). Oxygen absorption measurements were carried out 

on prepared cast films to evaluate the oxygen scavenging efficiency of blends at room condition.  

Other main results are summerized as below: 
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1) For LDPE/HTPB blends a hydrocarbon wax was used to be capable of mixing LDPE 

with HTPB, and the output was a compatibilized blend due to the good affinity between 

wax and LDPE, 

2) DSC and DMTA thermograms for PLA/HTPB blends depicted the presence of 

interconnections between PLA and HTPB chain ends most probably due to the reactive 

melt blending and some hydrogen bonding interactions, 

3) The SEM images in conjunction with AFM topographies could distinguish 

homogenously dispersed domains of HTPB in polymeric matrices,  

4) Oxygen absorption measurements performed on prepared cast films by melt extrusion 

for both matrices confirmed that we could achieve the samples with proper oxygen 

scavenging properties owing to the catalytic effect of TiO2.  

8.2 Original contribution and novelty  

This research presents a novel versatile composition for oxygen scavenging systems which is 

widely applicable to various polymeric matrices by solution and particularly melt extrusion 

methods. The significant catalytic activity of TiO2 to catalyze the oxidation HTPB as an organic 

low molecular weight hydrocarbon makes this novel oxygen scavenger a stunning system to create 

a new generation of oxygen scavenger for food packaging applications. EC is selected as a 

biodegradable polymer 100, 101 with high permeability to oxygen, which makes it a good option as 

the matrix for oxygen absorption by HTPB. One of the critical innovations of our developed 

method is to propose solution casting and electrospinning techniques to solidify HTPB in EC from 

EC/HTPB solutions. Based on our knowledge, no report was found on applying the green 

electrospinning method to produce nanofiber mats for oxygen scavenging applications. Prepared 

mats with this method showed remarkable flexibility to be applied as a pad inside the package or 

inside the lid of the container. Importantly, the melt blending capacity of HTPB with other 

polymeric matrices led us to find proper melt-processable matrices. As such, we have studied the 

melt blending of LDPE and PLA with HTPB. The most important and novel points of this research 

are as follows:  
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• Development of a TiO2 catalyzed HTPB based oxygen scavenging system for packaging 

applications with the potential to absorb oxygen without the necessity of high humidity 

presence,  

• Applying TiO2 as a non-toxic and chemically stable photocatalyst to solve the issues 

associated with classical transition metal catalysts utilized in oxygen scavenging materials 

for food packaging applications, 

• The potential to be produced by solution casting, electrospinning, and melt extrusion, 

• The feasibility to be applicable in a wide range of polymeric matrices depending on the 

processing method. 

Taking all these aspects into consideration, it is envisaged that the opportunities offered by the 

photocatalytic activity of TiO2 to catalyze the oxidation of HTPB as a low molecular weight 

unsaturated hydrocarbon will revolutionize the oxygen scavenging technology. Further advances 

would be expeditious, due to its processability with other polymeric matrices via solution or melt 

extrusion techniques in the active packaging industry. 

8.3 Recommendations 

The following topics are recommended for future study: 

• Improving melt processing conditions and equipment to provide the possibility of solving 

process stability issues to increase the compound uniformity, in melt extrusion.   

• Studying the kinetics and mechanism of the catalyzed oxidation of HTPB in the presence 

of TiO2  

• Studying antibacterial effect of oxygen scavenging samples 

• Applying an alternative non-toxic semiconductor such as ZnO and evaluating oxygen 

scavenging efficiency 

• Running migration tests for HTPB, or the oxidation by-products, to satisfy the FDA 

approval 

• Designing and co-extruding multilayer films with a layer containing the scavenger 

composition  
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• Evaluating the oxygen scavenging efficiency in multilayer structures  
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