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ABSTRACT 

 

 

INVESTIGATIONS OF HEAT SEAL PARAMETERS AND OXYGEN DETECTION 

IN FLEXIBLE PACKAGES 

 

 

Suramya Dilrukshi Fernando Mihindukulasuriya   Advisor:  

University of Guelph, 2012      Professor  L-T. Lim 

 

 

 Heat sealing is commonly used for making form-fill-seal packages fabricated 

from thermoplastic films. One of the challenges frequently faced by the industry is 

inadvertent contamination of the film–film interface by the product during filling, an 

event that can compromise package seal strength and integrity. In the present study, the 

effects of dwell time (0.5–1.5 s), jaw pressure (28–1,860 kPa), jaw configuration, jaw 

temperature (150–180°C), and liquid (water and oil) on the interface temperature and seal 

strength of a linear low-density polyethylene (LLDPE) film were investigated. In the 

presence of liquid contaminants, jaw pressure played an important role in displacing the 

liquid from the seal area allowing the formation of intact seals. Within the experimental 

conditions investigated, interface temperatures of 130–140°C resulted in optimal seal 

strength for both water-contaminated and clean film specimens. Thermophysical 

properties of LLDPE and the contact angle between the contaminant liquid and the 

polymer films were invoked to explain the seal strength behaviour of the liquid-

contaminated LLDPE seals. Further, finite element analysis (FEA) heat transfer models 

were developed to describe the heat transfer phenomena for LLDPE film during heat



 

 

 sealing, when a liquid contaminant layer is present or absent at the film-film interface. 

The model predicted the observed temperatures well with root mean square errors 

(RMSE) ranged from 1.6 to 2.5°C. The FEA approach can potentially be applied to 

analyze the effect of different contaminant liquids on transient heat transfer during heat 

sealing. 

 In the second part of this thesis research, an UV-activated oxygen indicator was 

developed to detect the headspace oxygen within sealed package. The detector involved 

encapsulating TiO2 nanoparticles, glycerol, and methylene blue within poly(ethylene 

oxide) fibers using electrospinning. The sensitivity characteristics of the indicator to UV-

activation and oxygen detection were investigated. The color recovery rate of the 

electrospun indicator related negatively to the UV exposure time and to the TiO2 fraction 

in formulation, possibly due to the ratio of higher free electrons to methylene blue 

concentration. The indicator can potentially be used as a method to analyze heat seal 

integrity  in modified atmosphere packaging applications.   
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2
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CHAPTER 1:  LITERATURE REVIEW 

1.1 Polyolefins in Food Packaging 

 Thermoplastics are organic polymers and long chain macromolecules that 

undergo a transition from a solid to the molten state upon heating, and then back to a 

solid state during cooling. This heating and cooling cycle can be repeated with minimal 

changes in the properties of the material. Therefore, thermoplastics can be molded, 

extruded, or blown into different shapes, making them ideal materials for fulfilling 

specific packaging requirements of food and consumer products.  

Polyolefins belong to a family of thermoplastics derived from ethylene and 

propylene monomers. Polyethylene (PE), in particular, has been used extensively for 

moisture barrier and adhesion purposes in packaging. PE is a homopolymer, produced by 

addition polymerization, and can be linear or branched. The ability to adopt structure of 

different extents of branching endows polyethylene with a spectrum of performance and 

properties. PE can be further “functionalized” by copolymerizing it with other monomers 

to form copolymers (e.g., ethylene-vinyl alcohol, ethylene-vinyl acetate) to enhance its 

functionality, such as increased toughness, improved adhesiveness, etc. This section 

summarises material properties of polyolefins widely used in the food industry. 

 

1.1.1 Low density polyethylene (LDPE) 

 PE has a simple structure with repeated–CH2–units produced under conditions of 

high pressure (1000 to 3000 atm) and elevated temperature (100-350
o
C). The free radical 

polymerization process produces LDPE polymers that have a branched morphology 

(Figure 1.1), the degree of which depends on the pressure and temperature used.  The 
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branched structures prevent close packing of polymer chains, giving rise to significant 

amorphous domains within the LDPE. Typical crystallinity of LDPE ranges between 50-

70% and the density between 0.910 and 0.925 g/cm
3 

(Robertson, 2006; Bashford,1997). 

The branch architecture also provides clarity, flexibility, and heat sealability. The ability 

of LDPE to fuse readily when it is heated to the molten state makes it a suitable polymer 

for heat sealing. As a result, LDPE is often used as an inner layer for multilayer 

packaging structure to facilitate the formation of hermetic seals (Osborn & Jenkins, 

1992). Different grades of LDPE are commercially available depending on the short or 

long branching of the polymer, its average molecular weight, molecular weight 

distribution, and comonomer residues polymerization residues (Robertson, 2006).  

 

1.1.2 Linear low density polyethylene (LLDPE) 

 LLDPE is made of linear polymer molecules with many short chain branches in 

its structure, but not the long chain branches as observed in LDPE (Figure 1.1). LLDPE is 

polymerized under lower temperature and pressure conditions than LDPE, and in the 

presence of a stereospecific Ziegler-Natta or metallocene catalyst. The short chains are 

derived from the small amounts of comonomer alkenes (e.g., butane, hexane, and octane) 

added at 1 to 10% molar basis, which interfere with the crystallization, producing a 

polymer that has a similar density to LDPE, ranging between 0.916 to 0.940 g/cm
3
 

(Osborn & Jenkins, 1992; Selke, Culter & Hernandez, 2004).  

The milder polymerization conditions and the stereospecific catalyst used results 

in LLDPE polymers that have a narrower molecular weight distribution and increased 

structural regularity compared with LDPE. At a given density, LLDPE has better 
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mechanical properties, improved chemical resistance, enhanced heat sealing properties, 

and higher puncture resistance than LDPE (Birley, 1982; Robertson, 2006).  Because 

LLDPE has performance properties superior to those of  LDPE and HDPE, it has 

replaced the latter polyolefins in many packaging applications. For example, LLDPE is 

used as the inner layer of a multilayer material that is used to package chilled meat. 

LLDPE can also be blended with other polymers, such as ethylene vinyl acetate (EVA) 

and oriented polypropylene (OPP) for packaging films used in fresh vegetables and fruits. 

Portion sized sachet packages for condiments (e.g., mustard, ketchup, and salad dressing) 

are often constructed with an aluminum foil barrier layer laminated with LLDPE inner 

and external polypropylene layers (Osborn & Jenkins, 1992).  

 

1.1.3 High density polyethylene (HDPE) 

 HDPE is polymerized using low pressure methods that employ Ziegler-Natta 

catalysts. Unlike LDPE and LLDPE discussed above, molecular chains for HDPE are 

linear with minimum branching, allowing close chain packaging when the polymer is 

cooled below its melting point (128 to 138
o
C) (Figure 1.1). As a result, it is possible to 

achieve a crystallinity of as high as 90% with typical density ranges between 0.941 and 

0.965 g/cm
3
. Because of its high crystallinity, HDPE is more rigid and possesses higher 

tensile strength, but greater mold shrinkage and thermal expansion than LDPE. HDPE 

has a translucent to opaque appearance due to the presence of large crystallites, which 

also contribute to its moisture barrier properties and chemical resistance. Heat sealing 

properties are in between those of LLDPE and LDPE films. Applications for HDPE 

include multilayer films for packaging rice, milk, salty snacks, cookies and crackers.  
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Figure 1.1 Molecular structural differences between LDPE, LLDPE and HDPE. Adapted 

from Shorten (1982).  

 

1.2 Heat Sealing 

 Heat sealing is one of the most commonly used techniques for forming flexible 

packages in the food industry. This technology can be used to package many food 

products, including both solids and liquids. Flexible packages are manufactured using 

different sealing technologies, such as ultrasonic welding, hot air welding, chemical 

adhesives, bar heat sealing, and impulse heat sealing (Tetsuya, Ishiaku, Mizoguchi, & 

Hamada, 2005). All these industrial heat sealing methods, the principles according to 

which they work, and their applications are described in Table 1.1.  
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1.2.1 Molecular dynamic during heat sealing 

 Schematic illustrations of the molecular process that occurs during heat sealing of 

semicrystalline polymers are given Figure 1.2. In Figure 1.2(A), the interface between 

two polymer films are in contact with each other under compression, but prior to heat 

sealing. Here, van der Waals forces arise in the contact area of the polymer films 

(Stehling & Meka, 1994). The application of heat (Figure 1.2B) will initiate the melting 

of semicrystalline polymers, causing the polymer molecules to diffuse across the 

interface (Figure 1.2C). Given sufficient time, the diffused polymer molecules on both 

surfaces will become entangled with each other (Figure 1.2D). Upon cooling, 

recrystallization will occur, yielding a continuum heat seal within the contact area.  

 Various models have been developed to explain the interdiffusion process of the 

polymer. These include the Rouse model, the polymer mode-coupling model proposed by 

Schweizers, the reptation model, the tubeless anisotropic coefficient model, and the 

Hairpin model. Among all these models, the reptation model has been most widely used 

to explain the interdiffusion of polymers during melting (Welp, Wool, Satija, Pispas, & 

Mays, 1998). The reptation theory, originally proposed by Gennes and Edwards, can be 

used to model the motion of an individual chain molecule during melting (Russell et al., 

1993). 

 According to the standard reptation theory, a polymer chain is confined to a tube 

that represents the topological constraints arising from chain entanglements. The thermal 

energy provides the energy required for molecular movements to occur during melting. 

With the application of heat, the polymer molecules absorb heat energy and the chain 

ends will initiate movement.  
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Figure 1.2 Polymer molecules before application of heat (A); Polymer molecules after 

application of heat and pressure (B); Interdiffusion of polymer molecules (C); 

entanglement process of polymer molecules (D). 

 

   

 

t = 0
Before application of heat  

t > 0 
After application of heat and 
pressure

A B
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Consequently, some length of the polymer escapes from this tube and is subsequently 

known as a “minor chain”. As this process continues until the reptation time (Tr) is 

reached, the polymer chain loses its memory of its original configuration, and 

commences a snake-like motion (Wool, Yuan, & McGarel, 1989).  

 The interdiffusion of polymer molecules was defined by Kausch and Tirrell 

(1989) as, “diffusion across boundaries, surfaces, interfaces and in gradients, including 

large-scale gradients formed by joining pieces of bulk materials and molecular level, 

thermally driven, composition fluctuations”.  The interdiffusion of polymer molecules is 

a function of time and molecular weight. In addition to these two variables, interdiffusion 

depends on the molecular weight distribution of the polymer, its molecular structure, 

temperature, orientation of chain molecules and polymer composition (Jabbari & Peppas, 

1995).  

 Relationships between some of these parameters were confirmed by Mueller, 

Capaccio,  Hiltner, & Baer  (1998) who found that LLDPE polymer chains with lower 

molecular weight diffuse more rapidly across the interface at 115°C than do those of 

higher molecular weight. The polymer molecules which have higher molecular weight 

and are less branched diffuse across the interface when the interface temperature exceeds 

115°C, resulting in a strong seal. This strong seal is attributed to an increase in 

crystallinity and entanglement density in the sealing area, because polymer molecules are 

packed closely due to less branches in the molecular structure, increasing crystallinity in 

the sealing area. Furthermore, higher molecular weight molecules improved the 

entanglements density in the sealing area, increasing seal strength. Apparently, the 

interdiffusion process of polymers is complex because macromolecules are different, 
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according to their numbers of branches, their positions, and length (Aradian, Raphael, & 

Gennes, 2000).  

 The minor chain model in the reptation theory assumes a symmetrical amorphous 

interface at the polymer, that can be described by Eqs. (1.1) and (1.2). The number of 

monomers (N) crossing the interface can be explained with  Eq. (1.1) when t >Tr, and Eq. 

(1.2) explains when t < Tr (Whitlow & Wool, 1991).  

        
 

    
  

          (1.1) 

        
 

              (1.2) 

The average monomer interpenetration depth (Li) can be described by Eqs. 1.3 and 1.4 

(Whitlow & Wool, 1991). 

         
 

    
  

         when t >Tr.       (1.3) 

        
 

                when t < Tr.      (1.4) 

 where t is time and M is the molecular weight. 

 A positive relationship between interdiffusion distance and adhesion strength has 

been reported by Brown, Yang, Russell, Volksen, & Kramer (1988) for polyimide made 

from pyromellitic dianhydride and oxydianiline. They found that a minimum diffusion 

distance of 200 nm is required to obtain a strong adhesive bond. The diffusion 

mechanism at the polymer-polymer interface is dependent on the initial chain end 

distribution at the surface of the polymers before they are placed into contact with each 

other. The diffusion process within a reptation dynamic depends on the number of chain 

ends, as proposed by Bousmina, Qiu, Grmela, & Klemberg-Sapieha (1998) in their 

analysis of polystyrene.  
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 The entanglements can be considered  to be a temporary intermolecular 

interaction between long chain molecules, which does not prevent the material from 

flowing under shearing stress (Busse, 1967).  Therefore, these entanglements can act as a 

topological barrier to the movement of the polymer molecules (Rastogi et al., 2005). The 

entanglement process that occurs during the melting of polymer molecules has been 

modelled by considering entanglements as sliding contacts in a polymer matrix (Ball, 

Doi, Edwards, & Warner, 1981). Rastogi et al. (2005) have shown that the elastic 

modulus in the rubbery state of melt is related to the entanglement density. According to 

Eq. (1.5), the average molecular weight between entanglements (Me) relates to the shear 

modulus in the   rubbery plateau region of the polymer (     as observed in the graph of  

log  (shear stress) verses (log time), Me is inversely related to the entanglement density 

(Gedde, 1995; Rastogi et al., 2005):  

                     (1.5) 

where T is absolute temperature, R is the gas constant, and   is the density. This equation 

is valid only for the polymer in which chain entanglements are distributed 

homogeneously. 
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Table 1.1  Typical heat sealing methods and applications. 

Heat sealing method Principle Applications 

Conductance sealing One or both seal jaws are 

electrically heated and polymer 

films are compressed together 

under clamp pressure. Polymer 

films are melted and fused 

together forming a seal. 

Applicable for flexible 

packaging fabricated from, 

monolayer and multilayer 

films. Common for form-

fill-seal process. 

Impulse sealing 

 

Similar to conductance sealing, 

except that an impulse of short 

and strong electric current is sent 

to seal jaws to melt the polymer 

films. Seal area is allowed to cool 

and solidify under clamp pressure 

before the jaws are opened. Seal 

jaws have narrow nichrome 

resistance wire or ribbon covered 

with PTFE tape to prevent 

adhesion of films to the heated 

jaws. 

It is suitable for packages 

that have a narrow sealing 

area, and seals formed by 

impulse sealing are of 

excellent quality. 

 

Hot wire sealing 

 

A low voltage current is applied 

to a thin metal wire or strip that 

heats the films to be sealed. 

Unlike conductance and impulse 

sealing, films to be sealed are not 

clamped under pressure. Sealing 

is dependent on the formation of 

molten beads at the seal area due 

to surface tension and film 

orientation.  

Applicable to thermoplastic 

films that can tolerate high 

temperatures and have low 

viscosity in their molten 

state. 
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Table 1.1 (continued) 

Dielectric sealing Dielectric heating is produced by 

passing high frequency current 

(50-80 MHz) through polymer 

films to be sealed. This current 

heats and liquefies the films. 

Pressure is applied to assist the 

fusion and bonding of the films. 

Typically applied for 

sealing materials that are 

polar and able to form a 

dipole moment, such as 

PVC and nylon films. 

Induction sealing This is a non-contact method that 

exposes an aluminum foil 

containing packaging structure to 

magnetic field produced by an 

induction coil. The magnetic field 

generates circulating eddy 

currents in the aluminum layer, 

generating localized heat that 

melts the adjacent thermoplastic 

polymer (LDPE and LLDPE) in 

the sealing area.  

Applicable only for seal 

structure that contains an 

aluminum foil layer. 

Commonly used in the heat 

sealing of diaphragms, inner 

seals of bottle and jars, and 

laminated paperboard 

cartons.  

Ultrasonic sealing Similar to induction sealing, a 

generator produces alternating 

electrical signal (20 kHz) to a 

transducer that converts electrical 

energy into mechanical 

vibrations. This mechanical 

energy is then converted into 

frictional heat, that welds the 

polymers together at the seal 

interface. 

Since less overall heat is 

applied to the seal as 

compared to other heat seal 

methods, ultrasonic sealing 

is ideal for sealing of 

oriented films that have 

tendency to shrink when 

exposed to elevated 

temperature. 

Adapted from Robertson (2006), Osborn and Jenkins (1992), and Farkas (1964) 
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1.2.2 Heat sealing process parameters 

 The main process parameters during conductance sealing are jaw temperature, 

pressure, and dwell time. The formation of an optimal seal requires proper optimization 

of all three parameters. The effects of these parameters on the heat sealing process are 

discussed below. 

 

1.2.2.1 Effect of jaw temperature 

 Among the processing parameters, the jaw temperature plays an important role 

during sealing (Meka & Stehling, 1994; Yuan & Wool, 1990). In many sealing 

applications, the heat flux originating from the heated jaw must be high enough to melt 

the polymer films. From a seal equipment standpoint, the required jaw temperature will 

also vary depending on the contact area of the jaw with the film, the construction 

materials for the jaws, and whether one or two jaws are heated (Farkas, 1964). The 

energy required to achieve an optimal seal, that is usually evaluated by seal strength, is 

dictated by the material and thermal properties of the films, including the film thickness, 

crystallinity, thermal diffusivity, melting point, contact resistance, etc. Previous 

investigators have reported the relationship between melted fraction and heat seal 

strength. For example, Stehling & Meka (1994) investigated the effect of the melting 

distribution on heat sealing behaviour and seal strength of polyolefins.  According to their 

study, the amorphous fraction of the polymer films is a function of jaw temperature.  The 

maximum heat seal strength was observed at the jaw temperature that completely melts 

crystalline regions of the polymer films.  
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1.2.2.2 Effect of dwell time 

 Heat sealing of a polymer is a combination of mass and heat transfer processes. 

Heat flow from the jaw to the polymer films, the melting of the polymer, and the 

interdiffusion of molten polymer chains are all functions of time (Meka & Stehling 

1994). In order to form an intact seal of optimal strength, an adequate dwell time (i.e., the 

duration of time when the films are clamped together by the seal jaws) must be given to 

allow the mass and heat transfer processes to proceed until the target end conditions, i.e., 

complete melting of crystalline fraction and adequate interdiffusion of molten polymers 

to form a continuum interface. The optimal dwell time interacts strongly with the jaw 

temperature; the application of higher jaw temperatures reduces the dwell time required 

for polymer films and vice versa. According to the findings of Meka & Stehling (1994), 

increasing the dwell time from 0.4 to 1.4 s at a 130°C jaw temperature during heat 

sealing of LLDPE increased seal strength by only 10%. Therefore, dwell time can be 

considered to be a secondary factor compared to the jaw temperature applied during heat 

sealing.  

 

1.2.2.3 Effect of pressure 

 Molecular contact between  two surfaces of polymer films is necessary in order to 

allow the diffusion of polymer chains across the seal interface. This contact can be 

established by compressing the two polymer films together under compression pressure. 

The applied pressure also helps to remove surface irregularities and to increase the actual 

contact area in the film-film interface, thereby increasing heat flow to the polymer films 

(Theller, 1989). Nevertheless, applying compression pressure beyond a threshold value 
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may not be beneficial in increasing the seal strength, since pressure is important mainly 

to provide initial contact between the layers. For instance, Meka and Stehling (1994) 

found that application of pressure to the jaws in the range of 15-1000 N/cm
2
 had no 

measurable effect on heat seal strength of LDPE for the range of jaw temperatures 110 - 

170°C. The pressure was not considered to be  a variable in their developed model based 

on the regression between heat seal strength and heat sealing parameters such as jaw 

temperature and dwell time. 

 Theller (1989) found that pressure’s effect is not detectable when it is increased 

from 276 kPa to 2760 kPa on LDPE films, and only slight improvements  in seal strength 

were observed for HDPE when sealing pressure was increased by a factor of 10. Another 

study reported that the pressure had considerable effect on the heat seal strength of 

oriented polypropylene films coated with a gelatin-based thin layer (Farris, Cozzolino, 

Introzzi, & Piergiovanni, 2009).  From the latter, it can be concluded that film 

composition and their compressibility are important parameters. Since the gelatine based 

thin layer is pressure sensitive, the heat seal strength was considerably affected with 

pressure. Based on all these findings the effect of pressure on heat sealing can be 

considered as a variable that has a minimal influence on the heat sealing process when 

the sealant material is not pressure sensitive, but it does provide initial contact  of the 

polymer films that is critical for the interdiffusion process of polymer molecules.   

 

1.2.3 Effect of interface temperature  

 The interface temperature between the two films plays an important role in 

governing the seal strength as temperature it determines the chain interdiffusion and 
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entanglement process. The interface temperature is mainly dependent on jaw temperature 

and dwell time. By comparison, pressure has a minimal effect on the interface 

temperature (Meka & Stehling, 1994). Theller (1989) pointed out that the graph showing 

heat seal strength versus interface temperature can be used to characterize the heat 

sealability of the material (Figure 1.3). Seal strength can be explained with respect to 

three specific interface temperatures (Figure 1.3): (1) seal initiation temperature; (2) 

plateau initiation temperature; (3) and seal degradation initiation temperature (Farley & 

Meka, 1994). All these temperature regimes are determined by the amorphous fraction of 

the polymer films to be sealed.  

 A seal with a measurable strength can be produced when the temperature reaches 

the seal initiation temperature.  This seal initiation temperature is dependent on the 

amorphous fraction of the polymer; for example, the seal initiation temperature for 

polyethylene is determined when the amorphous fraction reaches  75-80% (Figure 1.3) 

(Mueller, Capaccio, Hiltner,  & Baer,  1998). 

 The plateau initiation temperature  is determined to be when the interface 

temperature is high enough to melt the crystalline region of the polymer completely. The 

seal degradation initiation temperature has not been studied extensively, probably due to 

its empirical nature. 



16 

 

 

 

Figure 1.3 Typical heat seal strength versus interface temperature plots for 

semicrystalline polymers. Adapted from Farley and Meka (1994). 

 

 

1.2.4 Failure modes of heat seal  

 Physical evaluation of a seal can provide a useful qualitative indication of the 

effectiveness of a heat seal process, allowing optimization of dwell time, temperature, 

and pressure process parameters. Moreover, by studying the failure modes of the seal, 

valuable information can be obtained on the adhesive and cohesive strengths of the heat 

seal. Figure 1.4 illustrates various failure modes that are commonly observed for flexible 

package heat seals. 
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Figure 1.4  The most common failure modes observed in the heat sealed area of flexible 

materials. Adapted from ASTM, 2009. 

 

 Yuan, Hassan, Ghazali, & Ismail (2007) studied the heat sealability of laminated 

films (PET/LLDPE) and reported three major failure modes: (1) peeling (Figure 1.4A); 

(2) delaminating (Figure 1.4B); and (3) tearing (Figure 1.4C). The peeling mode is 

typically observed when the sealing temperature is lower than the melting point of the 

polymers. The combination of the peeling and delaminating failure modes is observed 

when the interface temperature is below the final melting point of the polymer, resulting 

in incomplete melting of crystallites. When the interface temperature reaches the plateau 

initiation temperature, the seal strength increases, and delaminating or tearing failure 

modes or a combination of these phenomena are commonly observed. The delaminating 
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failure mode occurs due to the weak adhesive bond between the laminate layers. The 

peeling failure mode is generally correlated with low heat seal strength due to low 

entanglement density in the sealing areas, while tearing mode is associated with the 

highest seal strength. In the latter failure mode, the adhesive strength of the seal is higher 

than the cohesive strength of the polymer indicating production of  an ideal seal. 

 The heat seal failure mode is dependent on the material type, laminate structure, 

and the surface properties of the seal substrate. For instance, Tetsuya et al. (2005) studied 

the failure modes of OPP/CPP (oriented polypropylene/cast polypropylene) during heat 

sealing. They observed two main failure modes, namely fractures in the seal and at the 

edge of the seal, and necking behaviour at the edge of the seal related to the peeling 

failure mode (Figure 1.4D). Corona discharge treatment, which is commonly applied to 

increase surface activity of polymer films to improve printability, can create crosslinks on 

the film surface that reduce the interdiffusion of polymer chains, thereby changing the 

failure mode of the material. For example, Meka (1994) investigated the effect of corona 

treatment on LLDPE and reported that the failure mode changed from tearing to peeling 

after the corona treatment. The observed differences are due to the reduction in 

entanglement density in the sealing area caused by the corona discharge treatment.  

 

1.3 Heat Transfer during the Formation of Seal 

 In general, heat transfer can be defined as a transfer of heat energy due to the 

presence of a temperature gradient in a medium, causing the transfer of heat energy from 

high to low temperature (Incropera & DeWitt, 1981). Conduction heat transfer will now 

be discussed, because it is the main mode of heat transfer involves in the heat sealing. 
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1.3.1 Conduction heat transfer during heat sealing 

 Conductance heat transfer occurs due to the presence of a temperature gradient 

across a medium, causing the transfer of heat energy from high to low temperature. This 

type of transfer occurs when more energetic molecules that are at a higher temperature, 

share their energy with less energetic molecules in a stationary medium (Incropera & 

DeWitt, 1981; Lienhard, 1981). Conduction of heat through a medium involves collision 

and diffusion of the molecules during their random motion, vibration of molecules, 

and/or transport of thermal energy through free electrons. Collision and diffusion of 

molecules predominantly occur in gasses and liquid media, whereas vibration of 

molecules and movements of free electrons are the main heat transfer mechanisms that 

occur in solids (Cengel, 2007).  

 Conduction heat transfer can be described by Fourier's law (Incropera & DeWitt, 

1981; Lienhard, 1981). Heat transfer during heat sealing of thin profile film/sheet 

materials is approximately one-dimensional. The rate equation for plane geometry can 

then be used: 

     
  

  
            (1.6) 

where q is the heat flux (W/m
2
), which is the heat transfer rate in the X direction per unit 

area perpendicular to the direction of transfer,  
  

  
 is the temperature gradient in the 

direction, and k (W/m.K) is the thermal conductivity which characterizes the heat 

transport property of the given material. 

 When polymer films are clamped together with heated seal jaws, the conduction 

of heat from the surface into the film medium will result in transient heat transfer during 
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which the temperature of the film increases with time along the temperature gradient. In 

most transient heat conduction problems, the temperature is dependent on both time and 

the position along the direction of the medium. For film geometry, a one-dimensional 

transient heat conduction equation is:, 

   
  

  
   

   

            (1.7) 

where ρ is the density of the material (m
3
/kg), Cp is the specific heat of the material 

(J/kg.K), and k is the thermal conductivity (W/m.K).  

 The mathematical equations that explain the thermal conditions at the boundaries 

of a system are called boundary conditions (Cengel, 2007). When solving heat transfer 

problems with differential equations, boundary conditions need to be explained. The 

boundary conditions involved in heat transfer analyses of films will be discussed in 

Chapter 4. 

 In reality, since the film-film interface does not have perfect contact between its 

two layers due to the presence of micro-gaps, resistance to heat flow will need to be taken 

into account during heat transfer modeling analysis. Here, thermal energy is transferred 

across the interface by conduction through the contact faces, and through the interstitial 

pockets of air (or liquid contaminant) present in the micro-gap (Bahrami, Culham, 

Yovanovich, & Schneider, 2004a). The heat transfer across an interface can be explained 

according to Newton's law of cooling (Cengel, 2007; Cooper, Mikic, & Yovanovich, 

1969; Madhusudana, 1996): 

                  (1.8) 
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where q is the heat flux (W/m
2
), A is the nominal contact area (m

2
),    is the effective 

temperature difference at the interface (K), and hc is the thermal contact conductance 

(W/m
2
.K). 

The inverse of thermal contact conductance is called thermal contact resistance, TCR: 

      
 

  
   

  
 

  
         (1.9) 

 Analytical models were developed for TCR by assuming that the contacting 

surfaces are totally flat or that the effect of roughness is negligible (Bahrami et al., 

2004a). However, engineering problems are more complex and the above assumptions 

cannot be applied in many cases. Cooper et al. (1969) developed an analytical model for 

randomly rough surfaces assuming that bodies were brought into contact within a 

vacuum. Their model provides a fundamental understanding of the effect of surface 

properties at the interface, the effect of the micro-gaps distribution, and the deformation 

behaviour that occurs during melting on the TCR. Mikic (1974) derived the model for 

thermal contact conductance for nominally flat contact surfaces by including plastic 

deformation phenomenon and noted that thermal contact conductance values increased 

when the model accommodated the deformation phenomena. Recently,  a new model was 

developed by Bahrami et al. (2004) for thermal joint resistance (TCR) in two cylindrical 

surfaces in a vacuum  (Bahrami et al., 2004a; Bahrami, Culham, Yovanovich, & 

Schneider, 2004b):  

      
            

     
         (1.10) 

where ks is the thermal conductivity of the micro solid, aL is the radius of macro contact 

and bL is the radius of contacting bodies. The aforementioned analytical models were 

developed based on a number of geometrical and mechanical assumptions that limit their 
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applicability in real experimental conditions. These assumptions involved surface 

roughness or smoothness, different contact geometry such as small slopes or curved 

shapes, and so on.  Although a significant number of analytical and numerical models are 

available for TCR, the development of a generalized model is difficult (Bahrami, 

Culham, & Yovanovich, 2004). Therefore, empirical approaches are adopted for TCR in 

many heat transfer analyses.  

 

1.4  Evaluation of Seal Integrity in Food Packaging  

 Seal integrity can be defined as a seal that is continuous and consistent without 

having any discontinuities (i.e., microleaks or any other defects such as wrinkles, 

abrasions, dents, blisters and delamination; Harper, Blakistone, Bruce Litchfield, & 

Morris, 1995). Seal integrity is important in food packaging to ensure that the containing 

product is protected from unwanted factors from the atmosphere, such as oxygen and 

water vapour that are deleterious to sensitive components in food. In modified 

atmosphere packaging (MAP), the headspace gas inside the package is modified by 

active or passive means in order to increase the shelf-life or to maintain the quality of a 

food product. Flushing of the package with an inert gas, such as nitrogen and argon, to 

achieve a headspace with trace oxygen levels is beneficial to prevent oxidative 

degradation. In other MAP applications involving the packaging of live products such as 

fruits and vegetables, it is desirable to provide controlled oxygen ingress into the package 

to reduce the respiration rate for shelf-life extension, while preventing the development 

of anoxic condition that can induce product spoilage and off-flavor (Robertson, 2006). 
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Since the headspace gas composition is critical in many of these MAP products, the 

ability to evaluate seal integrity of the package is important. 

 Both destructive and non destructive test methods have been adopted by the food 

industry in order to test seal integrity in packaging. A dye penetration method can detect 

approximately 50 µm leaks in the sealing area. This test involves injecting a dye solution 

in the seal area for a specific time. A surfactant is added to the dye solution to ensure the 

contact between the packaging material and dye solution. The dye penetration through 

the seal is examined visually for a specific time (20 s) and seal failure is recognised based 

on the penetration of the dye through the seal. This dye penetration method can be 

followed according to ASTM F1929 - 98. This test is time consuming and requires well-

trained technicians. By contrast, the burst test can detect channel leaks in the sealing area, 

but this test can only detect leaks of 50 µm or greater. In this test, the package is 

pressurised up to a predetermined level and then allowed to burst, if the package bursts 

before it reaches the predetermined pressure level, this indicates the presence of a defect 

in the package’s seal. This test can be followed with ASTM F2054-07, explains the 

procedure for burst testing of seals in flexible packages.   

 Another similar test for the evaluation of leakage in flexible packages or 

thermoplastic trays  is known as the pressure differential method (Pascall, 2002). The 

testing procedure involves placing the package specimen in an hermetic chamber in 

which the enclosed volume is evacuated down to -0.48 bar. The package is expanded due 

to the vacuum created inside the chamber. The pressure created inside the package during 

expansion is measured by the load cell.  This expanded pressure inside the package is 

allowed to stabilize for 30 s. A pressure decay is observed for packages that contain 
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microleaks in the sealing area.  Finally, packages with defects are selected based on the 

pressure decay data. This pressure differential technique has been used successfully to 

detect leakages in brick type packages, and for the detection of channel leaks of about 

150 µm in size (Sivaramakrishna, Raspante, Palaniappan, & Pascall, 2007). Sasaki and 

Kamimura (1997) described a pin hole detection method for flexible packaging whereby 

a high voltage current is applied. The testing unit consists of two electrodes, one  is 

connected to the high voltage output and the other  is connected to the low voltage output 

and to the sensor. These two electrodes are separated by the food package and it is 

connected with these electrodes via glow discharge. The food package located between 

two electrodes can acts as a capacitor. When pin holes are present, the charge movement 

through the leak channels causes the capacitance and resistance to change, making it 

possible to detect defective packages. This destructive method can detect pinholes as 

small as 0.5 µm. 

 Various non-destructive techniques to measure seal integrity have also been 

developed to detect defects in food packages. For instance, Raum, Ozguler, Morris, & 

O'Brien (1998) described an integrated backscatter ultrasound imaging technique to 

detect channel leaks in food packaging. This test is capable of detecting channel defects 

in the range of 9-325 µm. Ozguler, Morris, & O'Brien (1997) have also shown the 

capability of the backscattered amplitude integral method to detect defects in the seal area 

and demonstrated how the backscattered value was related to the size of the leak as well 

as to the packaging material. Ultrasonic testing was also adopted to test seal integrity in 

the production plant as a non-destructive method. Ayhan and Zhang (2003) reported the 

use of ultrasonic, in conjunction with optical microscopic imaging, to evaluate the heat 
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seal quality of aseptic food containers. They showed that signal consistency along the 

seal correlates strongly with the seal continuum, and that the ultrasonic method is able to 

detect channel defects as small as 10 µm in diameter for pouches made of PE (Ayhan & 

Zhang, 2003). Other non-destructive techniques involve X-ray and IR vision, laser and 

acoustic imaging (Pascall, 2002).  

 While the aforementioned methods are sensitive and useful for the detection of 

leak defects in food packages, all these methods require expensive analytical tools and 

end-user expertise. Moreover, they do not allow the detection of leak defects inflicted 

during product handling and distribution. Recently, there has been growing interest in 

developing gas indicators that can be attached to the MAP packages to validate their 

integrity. These indicators are permanently attached to the package, thereby allowing the 

monitoring of headspace gas levels throughout the food distribution network  

(Smolander, Hurme, & Ahvenainen, 1997).  

 

1.5 Oxygen Detection in MAP  

 In many MAP products, oxygen in the package headspace is reduced or 

eliminated to maintain the quality or extend the shelf life of products (Lee, Arul, Lencki, 

& Castaigne, 1996; Robertson, 2006). For example, products that are high in lipid content 

or that contain oxygen sensitive micronutrients and components need to be packaged in 

conditions of low or trace oxygen, while MAP of many fresh  and process meat require 

reduced oxygen levels. For these products, the use of oxygen indicators as a tool for 

testing the integrity of packages is advantageous, from the standpoints of cost 

effectiveness and an ability to detect oxygen throughout the food distribution network.  
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 To validate the robustness of the package for maintaining the target oxygen level, 

the oxygen concentration in the packaging headspace can be determined using an oxygen 

analyzer. One of the most widely used oxygen sensors is based on a solid electrolyte that 

conducts ionic oxygen, in particular a zirconia membrane. As a result of oxygen transfer 

through the heated zirconia membrane, the electrical responses generated (electric 

potential, impedance, and the current) are measured, and these can be correlated with the 

oxygen partial pressure difference across the membrane (Maskell, 1987; Moseley, 1997).  

 With a luminescence oxygen indicator the principle is based on the ability of 

molecular oxygen to quench the luminescence of a lumophore that is encapsulated within 

a solid polymer matrix (e.g., tris(4,7-diphenyl-1,10-phenanthroline), ruthenium(II) 

perchlorate; 4,7-diphenyl-1,10-phenanthroline). The amount of oxygen in the gas sample 

is determined based on measuring the decrease in luminescence intensity of the dye 

during the oxygen quenching process, or determining the time taken for the luminescence 

to decay (Lippitsch, Pusterhofer, Leiner, & Wolfbeis, 1988; Papkovsky, Papkovskaia, 

Smyth, Kerry, & Ogurtsov, 2000; Mills, 2005). 

 Oxygen binding protein complexes such as deoxyhaemoglobin and 

deoxymyoglobin have been used to detect oxygen in packaging applications (Smolander 

et al., 2002; Zhujun & Seitz, 1986). The deoxyhaemoglobin oxygen sensor is based on a  

shift of porphyrin’s Soret absorption band when deoxyhemoglobin reacts with the oxygen 

and converts it to oxyhemoglobin. The indicator is developed by immobilizing 

hemoglobin on  a cation exchange resin using electrostatic attraction. The changes of the 

absorbance band from 405 and 435 nm can be observed when deoxyhaemoglobin binds 

with oxygen. This change of absorbance band is correlated with the oxygen partial 
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pressure from 20 to 100 torr with the aid of a calibration curve.  Myoglobin-based 

indicators are based on a similar principle using metmyoglobin as an indicator.  

 The main pitfall associated with these types of indicators is the short term stability 

of the indicator compounds. For example, a two-day stability period was established for 

the haemoglobin-based indicator under certain atmospheric conditions, and the 

myoglobin-based indicator needed to be stored under specific environmental conditions 

in argon at 4°C to prevent degradation (Mills, 2005).  

 Oxygen sensitive inorganic transducers have also been reportedly that are based 

on oxygen binding to metal complexes such as cobalt(II)-polyamine (Del Bianco, 

Baldini, Bacci, Klimant, & Wolfbeis, 1993). Oxygen binding with these types of 

transducers is reversible. The principle underlying this type of indicator is that the 

colorless compound of bis(histidinato) cobalt(II) changes its colour to pink when it binds 

with the oxygen.  

 While the aforementioned methods are sensitive and useful for the detection of 

leak defects in food packages, all these methods require the use of relatively expensive 

analytical tools and end-user expertise. Moreover, they do not allow the detection of leak 

defects inflicted during product handling and distribution. Recently, there has been 

growing interest in developing  gas indicators that can be attached to the MAP packages 

to validate their integrity. These low-cost indicators are permanently attached to the 

package, thereby allowing the monitoring of headspace gas levels throughout the food 

distribution network (Smolander, Hurme, & Ahvenainen, 1997). For these products, the 

use of oxygen indicators for testing the integrity of packages is advantageous, from the 
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standpoints of cost effectiveness and ability to detect compromised packages throughout 

the food distribution network. Selected oxygen indicator systems are discussed below. 

   

1.5.1 Reversible redox dye based indicators 

 The most commercially applied colorimetric oxygen indicator, Ageless Eye™, 

was invented by the Mitsubishi Gas Company in Japan. This indicator system is 

comprised of at least one redox dye which provides the colour of the indicator, a reducing 

agent in order to reduce the redox dye, and alkaline substances to facilitate the reaction at 

an appropriate pH level (Yoshikawa, Nawata, Goto, & Fujii, 1978). The reaction process 

is shown in Figure 1.5: 

 

Figure 1.5 Schematic illustration of general steps involved in reversible redox dye based 

oxygen indicator. Adapted from Mills (2009). 

  

 The typical formulation is comprised of glucose, methylene blue, acid red, 

magnesium hydroxide and magnesium stearate. Acid red is a non-redox dye used to 

provide the pink color of the indicator at its reduced state. Different reducing agents can 

be used in this formulation such as glucose, Fe
+2

 ion, ascorbic acid, and so on. The tablet 
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of 4 mm thickness is formed by using this formula with the application of 2942 Pa 

pressure.  This tablet is enclosed in a package which is permeable to oxygen and 

impermeable to ions in order to avoid contact with the food material.  

 When this indicator is exposed to zero oxygen level or oxygen concentrations 

below 0.5%, the color of the indicator is pink. In the presence of oxygen greater than 

0.5%, the indicator color is blue violet or blue. The blue color is observed at the 

indicator’s oxidized state. When the oxygen concentration is around 20% and between 

0.5% to 20%, the indicator color is blue violet. Although the tablet is applied in 

commercial food packaging, it has some drawbacks, such as being reversible in response 

and requiring special anaerobic storage conditions to avoid reaction initiation. The 

undesirable effect of reversible response of the indicator can be explained as follows. The 

reversible indicators change color from a reduced state to oxidized state  when oxygen  

enters through the leakages in the package. Microorganisms can then grow inside the 

package due to the presence of oxygen. When the oxygen consumption rate of 

microorganisms and oxygen ingress rate into the package is equal, the indicator changes 

its color to the reduced state showing that there is little or no oxygen inside the package. 

Thus, it can provide false information to the consumer about  package integrity although 

the safety of the food is affected by the microorganism. This phenomenon has been 

studied by Mahony, Riordan, Papkovskaia, Kerry, & Papkovsky (2006) for cheddar 

cheese with a reversible oxygen sensor based on PtOEPK (phosphorescent dye). In their 

research, they have shown that indicator color change due to ingress of oxygen inside the 

damaged cheddar cheese package occurs  at its initial stage of storing. The indicator 

showed no or little oxygen inside the damaged package although it exhibited growth of 



30 

 

mould inside the package. Therefore, this reversible response can provide false 

information about the package integrity.  

 

1.5.2 Light-activated redox dye based oxygen indicators 

 It has been found that light-excited dyes, such as riboflavin, proflavine, and 

uroporphyrin, can be reduced by a sacrificial electron donor (Fife & Moore, 1979). Dyes 

in this reduced state will return to their original state upon exposure to oxygen. The key 

chemical processes that occurs are summarized in Figure 1.6. 

 

Figure 1.6 Schematic description of key processes involving in light-activated redox dye 

oxygen indicators. 

 

 The chemical reaction involved with this indicator initiates with the 

photoexitation of the redox dye in the presence of visible light.  The dye transforms  to  

its exited state when it is exposed to visible light; for example, riboflavin transforms from 

its ground state to its exited singlet state at 445 nm visible range (Fife & Moore, 1979). 

The sacrificial electron donor provides electrons to this exited dye  and then the redox 

dye transforms to its reduced state.  The reduced state dye can react with oxygen and 
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reversed to its original state. This reverse reaction occurs under dark conditions and can 

be explained as follows. 

                                (1.11) 

 Typically this indicator is formed by dissolving  redox dye with the sacrificial 

electron donor in water. This solution and encapsulating material are soaked into a paper 

to produce the final paper-based indicator. This method has been disclosed in a patent for 

the evaluation of oxygen ingress due to pin hole defects, and oxygen permeation through 

the packaging materials (Blinka, Bull,  Barmore,  & Speer, 1994). Although this type of 

oxygen indicator offers many advantageous features, such as reusability, irreversibility, 

and visible colorimetric change, its major drawback is the propensity of the indicator to 

react with electromagnetic radiation from the visible light spectrum, such as from a 

fluorescent lamp in the display cabinet of supermarkets, causing the dye to bleach, 

thereby producing false negative response (Mills, 2005). 

 

1.5.3 Semiconductor coupled with redox dye based oxygen indicators 

 To overcome the undesirable interaction of oxygen-sensitive dye with visible 

electromagnetic radiation as discussed in section 1.5.2, and to have a better controllable 

means of activation for the oxygen indicator, an alternate oxygen indicator system that is 

based on a semiconductor and redox dye has been developed (Mills, 2005; Mills, 2009). 

This type of redox indicator system consists of four major components: (1) a 

semiconductor which acts as a photocatalyst; (2) a mild sacrificial electron donor to 

stabilize the excited electrons in the conductance band of the semiconductor; (3) a redox-

sensitive dye to detect oxygen; and (4) a polymer as a carrier material for all other active 
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components. This semiconductor-based oxygen indicator system has competitive 

advantages over other existing methods, including long-ambient shelf life, provision for 

in-package activation, irreversible response, low cost, and provision of visible changes in 

color, i.e., no analytical measuring instruments are needed (Mills, 2009). More 

information and detail regarding the reaction mechanisms of the oxygen indicator system 

are discussed in Chapter 5. 

 

1.6 Fundamentals of Electrospinning 

 In order to develop a functional oxygen indicator system, a carrier is needed to 

hold the active components. This is usually achieved by encapsulating the active 

compounds within a polymeric film matrix. To optimize the sensitivity and robustness of 

the oxygen indicator, the carrier polymer must be permeable to oxygen so that the analyte 

can diffuse through the carrier matrix and react rapidly with the reactive compounds. 

Moreover, it is desirable to use a carrier with a large surface area to increase the 

reactivity of the indicator towards oxygen. To this end, electrospun fibers are promising 

carriers since these materials possess a very large surface-to-volume ratio due to their 

ultrafine diameters (Burger, Hsiao, & Chu, 2006).  Electrospun fibers with diameters 

ranging from tens to hundreds of nanometers can be produced in large quantity in a cost 

effective manner (Reneker, Yarin, Fong, & Koombhongse, 2000; Ramakrisha, Fujihara, 

Teo, Lim, & Ma, 2005).  

 Figure 1.7 shows a typical electrospinning apparatus. The basic apparatus used in 

electrospinning includes a high voltage power supply, a syringe needle arrangement, an 

infusion pump, and a ground electrode. Voltage current is applied between the spinneret 
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(needle) and the grounded collector plate. The polymer solution contained in the syringe 

is pushed to the spinneret using an infusion pump. Electrospun fibers are collected on a 

grounded collector plate, that is kept at a distance from the spinneret. Before the 

application of voltage, the polymer solution is initially held by its own surface tension, as 

a droplet at the tip of the spinneret. As the voltage increases, the applied electric field 

between the spinneret and the collector plate ionizes the polymer solution, causing the 

induced charges to diffuse to the surface of the fluid droplet. The interaction between the 

electrical charges on the fluid surface and the external electric field causes the pendant 

solution droplet to deform into a conical shape, known as a Taylor cone (Taylor, 1964). 

 When the Taylor cone is subjected to a critical electric field as the voltage 

continues to increase, the charge repulsion on the surface of the droplet overcomes the 

surface tension of the polymer solution, causing a single polymer jet to eject from the tip 

of the Taylor cone. As the polymer takes flight in the air, the polymer jet is subjected to a 

variety of forces, including a Coulomb force, an electric force imposed by the external 

electric field, a viscoelastic force, a surface tension force, a gravitational force, and an air 

drag force (Reneker et al., 2000). A perturbation of the liquid jet occurs due to these 

forces causing it to undergo the bending instability, creating a complex whipping motion 

that stretches the polymer into an ultrafine thickness. The rapid increase in the surface 

area of the polymer jet causes the solvent to evaporate, forming solid nanofibres on the 

collector as a nonwoven membrane.  
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Figure 1.7  Experimental setup for electrospinning, showing the main components and 

their arrangement. 

 

1.6.1 Factors affecting the electrospinning process 

 Factors that affect the electrospinning of polymer solution can be divided into 

three groups: (1) polymer characteristics and polymer solution parameters such as the 

molecular weight of the polymer, viscosity, surface tension, conductivity, and dielectric 

constant of the solution; (2) processing conditions such as voltage, feed rate, temperature, 

type of collector, diameter of the needle, and the distance between the needle tip and the 

collector; (3) environmental conditions such as humidity, atmosphere type, and ambient 

temperature (Ramakrisha et al., 2005). Discussions of some of the key factors from these 

three groups are presented below. 
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1.6.1.1 Effect of polymer solution properties 

 To electrospin a polymer, it must be dissolved in a compatible solvent to produce 

a homogeneous solution. It is also possible to electrospin a polymer in its molten state, 

although this is less desirable due to its propensity of polymer to undergo thermal 

degradation above its melting point and the large fibers formed that are well above a 

micrometer in size. Among the polymer solution properties, viscosity has been shown to 

have the strongest effect on the morphology of fibers. The solubilisation of polymers with 

higher molecular weight in a compatible solvent will result in polymer solutions of higher 

viscosity, as compared to solutions containing  a lower molecular weight polymer. Higher 

viscosity increases the chain entanglement density in the polymer jet during 

electrospinning, resulting in thicker fibers and a reduction in the formation of beads. 

Increasing the concentration of the polymer solution will result in increased viscosity, but 

may not achieve the same extent of entanglement as observed in solutions prepared from 

polymers of higher molecular weight. It is difficult to form fibers with low molecular 

weight polymers due to insufficient entanglement density, causing the jet to break into 

droplets  (Mita, Nithitanakul, & Supaphol, 2004).  

 Poly(ethylene oxide) (PEO) has been used extensively as a basic material to 

provide insight into the fundamentals of the polymer solution properties in an 

electrospinning process. Son,Youk, Lee, & Park (2004) have shown that a reduction of 

the surface tension in a PEO solution is favorable for the fabrication of fibers that are free 

of beads. Surface tension and viscosity have an opposite effect in affecting the 

morphology of the electrospun materials. Surface tension has the effect of reducing the 

surface area per unit volume of the polymer solution due to the congregation of the 
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solvent molecules. Thus, increasing the surface tension of the solution will cause the 

solution to break into droplets due to the overriding attractive forces of the solvent 

molecules. By contrast, polymer solutions of higher viscosity have greater interaction 

between the polymer and the solvent molecules, causing the solvent molecules to spread 

along the entangled polymer chains. The formation of droplets during electrospinning 

without the formation of fibers is known as electrospraying (Christanti & Walker, 2001). 

Electrospraying tends to occur in polymer solutions with relatively low viscosity due to 

the lack of polymer chain-chain entanglement that is needed to stabilize the jet during 

electrospinning (Morozova, & Kallenbach, 1998). However, solutions that are very 

viscous can result in electrospinning challenges due to solidification of polymer at the tip 

of the spinneret and the high pressure needed to pump the solution through the spinneret 

capillary (Fong, Chun, & Reneker, 1999; Megelski, Stephens, Chase, & Rabolt, 2002; 

Kameoka et al., 2003).  

  Electrical conductivity of the electrospinning solution can affect the excess 

surface charge of the polymer solution jet. The charges at the surface are important to 

generate repulsion that stretches the polymer jet. A conductive polymer solution allows 

the charge to migrate to the surface of the Taylor’s cone upon applying the voltage, 

creating a strong repulsion force that increases the stretching of the polymer during 

electrospinning, and prevents the bead formation. Moreover, a conductive solution will 

also reduce the voltage required to initiate the formation of the polymer jet, and thinner 

fibers can be formed due to the higher bending instability of the jet as compared to fibers 

produced from low electrical conductivity. However, highly conductive polymer 

solutions can also hamper the electrospinning process because of the propensity of charge 
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“leaking” in the polymer solution, which reduces the surface charge density and 

electrostatic force required for stretching the jet. Ideally, the polymer solution should be 

conductive enough to allow for the migration of charge to the Taylor’s cone surface to 

initiate the jet formation, but not too conductive so that the charge can remain “stuck” on 

the jet surface to produce the electrostatic repulsion force for stretching the polymer jet 

(Ramakrishna, Fujihara, Teo, Lim, & Ma, 2005; Carroll & Joo, 2006; Feng, 2002).  

 

1.6.1.2 Effect of processing conditions 

 During electrospinning, voltage is applied to the spinneret to induce charges on 

the polymer solution, while the collector is grounded to establish an external electric field 

between the spinneret and the collector. In general, increasing the voltage increases the 

electric field strength, favouring the ejection of the polymer jet from the Taylor cone. 

Moreover, increasing the voltage will induce a greater amount of charge on the polymer 

solution, causing it to accelerate faster towards the target. The large volume of polymer 

solution drawn from the spinneret necessitates an increase of the polymer solution pump 

rate to match the electrospinning throughput. Otherwise, the Taylor cone will recede into 

the capillary of the spinneret, and eventually the electrospinning process will stop due to 

the depleted polymer solution feed.  The applied voltage will affect the morphology of 

the fibers. Lowering of voltage decreases the acceleration of the fiber due to reduced 

Columbic forces. This results in a longer flight time that allows more stretching of the 

polymer jet, and consequently the formation of finer fiber (Lee et al., 2004). The fiber 

diameter and the number of beads can also be reduced by using a smaller diameter needle 

(Mo, Xu, Kotaki, & Ramakrishna, 2004). By contrast, applying high voltage will reduce 
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the flight time of the jet. Since stretching of polymer can result in strain induced 

crystallinity, increasing the flight time by reducing the applied voltage will provide more 

time for the polymer to stretch before being deposited on the target, thereby increasing 

the crystallinity of the fibers (Zhao, Wu, Wang, & Huang, 2004). The external electric 

field strength and the flight time to reach the collector also depend on the distance 

between the spinneret tip and the collector. Increasing spinneret-collector distance while 

maintaining the electric field strength will increase the flight time of the polymer jet, 

forming fibers of smaller diameter. If this distance is too short, wet fibers of larger 

diameter may be formed due to the short flight time that hampers the complete 

evaporation of solvent and lack of whipping before the fibers are deposited on the 

collector (Megelski et al., 2002). 

 In order to maintain the external electric field between the spinneret and the 

collector, conductive materials such as aluminum plates or foil are normally used for the 

collector. The collector can be rotatable or stationary, depending on the application. 

Rotatable collectors are used to align the fibers (Ramakrisha et al., 2005). 

 

1.6.1.3 Effect of environmental conditions 

 Some environmental factors including humidity, the air composition in the 

electrospinning chamber, temperature , and the air pressure also affect the electrospinning 

process. The high humidity conditions in the electrospinning environment can cause 

circular pores on the surface of the nanofibers due to the condensation of water on the 

fiber surface (Casper, Stephens, Tassi, Chase, & Rabolt, 2004). It has been reported that 

the diameter of pores increases with  increasing  humidity. The amount of humidity  
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required to form fibers with pores depends on the polymer material. The  electrospun 

fibers made with poly(vinyl pyrrolidone) exhibited surface pores in the size ranging in 

diameter when the electrospinning environment is saturated with water vapour (Tasselli, 

Jansen, Sidari, & Drioli, 2005). In another study, polystyrene  fibers containing surface 

pores were reported when the humidity of the electrospinning chamber exceeded more 

than 30%. The rate of evaporation of the solvent in electrospinning is affected by 

humidity, resulting in dried fibers at low humidity (Baumgarten, 1971). Faster 

evaporation also leads to clogging at the needle tip during electrospinning (Baumgarten, 

1971). 

 The temperature of the electrospinning solution can affect its viscosity due to  an 

increased evaporation rate at higher temperatures. The composition of gas inside the 

electrospinning chamber is important as some gasses can breakdown under very high 

electric fields. The ambient pressure in the electrospinning chamber has an effect on the 

electrospinning process. It has been shown that, when the pressure is lower than the 

atmospheric pressure, the resultant electrospun jet is unstable as the solution come out 

from the needle tip, creating bubbles at the needle tip (Ramakrishna, Fujihara, Teo, Lim, 

& Ma, 2005). 

 

1.6.2 Electrospun fibers for sensor and indicator applications 

 Because of its capacity to form ultrafine carrier polymers with very larger surface-

to-volume ratios, electrospinning has been extensively explored by researchers in the 

development of highly sensitive sensors and indicators for various applications 

(Bhattacharya, Jang, Yang, Akin, & Bashir, 2007; Kwoun, Lec, Han, & Ko, 2000; Li & 
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Xia, 2004). For example, Wang et al. (2002, 2004) have shown that the sensitivity of 

optical sensors can be enhanced by using electrospinning technology, because of the 

higher aspect ratio of electrospun fibers.  Kwoun et al. (2000) studied the applicability of 

using electrospun poly(lactic acid-co-glycolic acid) nanofibers for interface development 

of piezoelectric sensors. Guice, Caldorera, & McShane (2005) described a nanoscale 

oxygen sensor based on ultrathin films with tris 4,7-diphenyl-1,10- phenanthroline 

ruthenium II, and showed that the use of nanopaticles (100 nm) caused an increased in 

the sensitivity for oxygen detection by up to 60%. Ding, Kim, Miyazaki, & Shiratori 

(2004) investigated a gas sensor for NH3 based on electrospun fibers made with 

poly(acrylic acid) and poly(vinyl alcohol). The fiber diameter ranged from 100-400 nm, 

and the fibers were deposited on a quartz crystal microbalance. It was shown that the 

sensitivity of the sensor increased with the use of a nanofiberous membrane. 

Aussawasathien, Dong, & Dai (2005) developed a humidity sensor based on lithium 

perchlorate and PEO electrospun fibers. The slope of the log linear plot of resistance 

(ohm) reduction versus humidity increased from 0.06 to 0.01 with the use of electrospun 

fibers. It was demonstrated that electrospun fiber based sensors increased the sensing 

capacity for humidity due to higher surface area and improved electrical properties.   

 Yoon, Chae, & Kim (2007) have detected volatile organic compounds with 

electrospun fibers consisting of PEO polymer, tetraethyl orthosilicate, and diacetylene 

(DA) monomer. The sensors change their colour upon the exposure to volatile organic 

compounds and can thereby detect their presence. In another study, Sawicka et al. (2005) 

developed a biosensor to detect urea, which is important in biomedical applications, by 

using electrospun fibers. This urea sensor showed some advantages over other 
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technologies, such as the detection of urea at lower concentrations and faster response 

time. The aforementioned studies demonstrated that electrospinning is promising for the 

production of ultrafine fibers for various sensing applications.  

 

1.7 Surface Response Methodology (RSM) 

 A surface response methodology was applied to optimize the oxygen detector 

produced in this research and detail description is given in Chapter 5. A response surface 

methodology is an application of mathematics and statistical methods to solve problems 

in scientific and engineering processes (Mayers, 1971). According to the definition of 

Mason, Gunst, & Hess (2003), a response surface is a geometric representation of a 

response variable plotted with different independent variables in different dimensions. 

RSM is commonly used when numerous variables contribute to a specific process or 

product. In RSM, empirical exploration of the system or process can be addressed 

through the application of proper experimental strategies, mathematical methods and 

statistics. They are useful for determining optimal operating conditions, the optimum 

formula for specific products, minimum wastage, minimum energy, and so on.  

 Box and Wilson developed the fundamentals of RSM in 1951 for chemical 

engineering applications (Box, 1954; Box & Wilson, 1951). Box (1954) explained some 

general considerations, such as the analysis of linear surfaces and ridge surfaces, with the 

examples of surface response systems. They explained the link between the fitted surface 

and the basic mechanism of the surface response system, addressing how the canonical 

variables of the empirical surface relate to basic physical laws and the selection of 

matrices for the variables (Box & Youle, 1955).  
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 The basic concepts involved in surface response analysis are explained in 

following example. If the response variable is Y in a system and this Y is dependent on 

independent variables X1, X2, and X3, then the relationship between the response variable 

and independent variables can be described as it is in Eq. (1.12).  

                     (1.12) 

where f is the function that is not known. The response surface analysis method is used to 

approximate this function with a low order polynomial in a particular region of the 

independent variables. If the approximation function is linear, then it can be written as it 

is in Eq. (1.13). 

                            (1.13) 

where   ,   ,   ,    are coefficients to be determined. It is difficult to observe the first 

order model in many applications, since many systems are complicated. The second order 

approximation function can be written as it is in Eq. (1.14). 

          
 
              

  
                  (1.14) 

where   ,   ,    ,     are coefficients to be determined in the second order model. 

 The RSM is a very effective approach for predicting the response variable and 

minimizing or maximizing the response variable. In order to understand the nature of the 

stationary point, which is the point at which derivative of response variable with respect 

to the independent variable is zero, the canonical analysis is useful (Hill & Hunter, 1966). 

In canonical analysis, the new response surface is plotted by translating the response from 

its point of origin to a new point based on new independent variables (Myers, 1971). The 

optimization design for the electrospun oxygen indicator based on RSM has been 

explained in Chapter 5. 
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CHAPTER  2:  RESEARCH  OBJECTIVES 

2.1 Background 

 Packaging is an essential component of food preservation systems to protect food 

products during distribution, to achieve a desirable shelf-life, and to deliver the product in 

its optimal condition to the consumer. In general, an optimal package performs the 

functions of containment and, protection, as well as providing convenience, and 

communication (Robertson, 2006; Suppakul, Miltz, Sonneveld, & Bigger, 2003). 

  A visible trend in the area of food packaging is the increasing substitution of 

traditional materials such as glass and metal by thermoplastics (Fellows & Axtell, 2002). 

The use of plastics as food packaging materials is attributed to their flexibility, ease of 

conversion, uniform material properties, cost-effectiveness, low tare weight ratio ((i.e., 

weight of package to weight of content) and versatile characteristics. The most 

commonly used materials for flexible packaging films are LDPE, LLDPE, HDPE, 

polypropylene (PP) and polyethylene terephthalate (PET). These flexible thermoplastic 

films are used in many food packaging applications for liquid products, such as milk, 

sauces, wine, and so on. For example, in Ontario, the proportion of fluid milk sales in 

plastic pouches has increased to 83% of the total milk market. The weight of solid waste 

generated from milk packaging has decreased by almost 20% over the last twenty-seven 

year period; at the same time, annual sales of fluid milk in litres has increased by 22% 

(Environment and Plastic Industry Council, 1995). Flexible packages minimize the 

creation of solid waste and thereby reduce landfill discards (Crockett & Sumar, 1996). 

 The production of flexible packages involves different sealing technologies, 

among which heat sealing is one of the most widely used techniques for making plastic 
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pouches. A typical heat sealing process involves compressing two sheets of film between 

two jaws, one or both of which can be heated. Initially, intimate contact between the two 

polymer films is provided by the applied pressure. As the sealant layer begins to melt, the 

molecular segments of the polymer diffuse across the interface and form chain 

entanglements, creating a seal with the desired strength (Farley & Meka, 1994; Meka & 

Stehling, 1994; Stehling & Meka, 1994; Theller, 1989; Yuan et al., 2007).  

 During the form-fill-seal packaging of liquid products, the seal area is often 

contaminated due to the inevitable splashing of liquid products from the filling operation. 

This not only will affect the overall heat transfer process that impacts the melting of 

polymer, but also will interfere with the interdiffusion of polymer chains, thereby 

weakening the seal strength and integrity. Although many previous studies have 

investigated the effects of process parameters (interface temperature, pressure, polymer 

type, and dwell time) on seal strength properties, to the best of our knowledge there are 

no published studies that examine the effect of contaminant liquids at the film-film 

interface.  

 Although modeling studies conducted to date have contributed to the fundamental 

understanding of heat transfer phenomena at the film-film interface, nevertheless these 

studies have focused on clean films. The effects of the presence of contaminant liquid at 

the film-film interface have not been investigated. Therefore, a modeling approach will 

be beneficial for gaining insight into the heat transfer and providing an understanding of 

the transient heat transfer when a contaminant liquid is present at the film-film interface.  

 One major application of flexible packaging is MAP, which involves an enclosure 

of food in a package in which the atmosphere inside the package is modified or altered to 
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increase shelf life and maintain the quality of the food (Kader & Watkins, 2000; Phillips, 

1996; Robertson, 2006). Increasing the shelf life and quality of many food products is 

achieved mainly in MAP by reducing the oxygen content in the package. Therefore, an 

indication of the oxygen level inside the package is important in most MAP applications 

to validate packaging performance and detect a compromised package. This is an 

example of intelligent packaging that is characterized by the presence of an external or 

internal indicator to provide information about aspects of the history of the package or the 

quality of the food (Robertson, 2006).   

The packaging performance of flexible packages can be affected during processing 

and transportation due to defects such as pin holes or channel leaks. Flexible packages 

are more prone to mechanical damage during their transportation compared to other rigid 

packages such as glass and metal (Ahvenainen, 2003). Defects in the sealing area and 

pinholes will contribute to microbial penetration and disruption of gas barrier properties, 

thereby reducing the shelf life of the product. A method to provide an indication of the 

oxygen level inside the package would be beneficial to detect packages that are 

compromised, which is of immense importance throughout the entire food distribution 

chain to ensure a product's freshness. One of the possible approaches here is to indicate 

the oxygen level in MAP is the use of a visual oxygen indicator that is permanently 

attached to the package throughout the food distribution chain. 

In the first and second parts of this project, the focus is to study the heat seal 

performance of a LLDPE film under different processing conditions and to model the 

heat transfer phenomena during heat sealing. In the third part of this project, the aim is to 
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develop an oxygen indicator for intelligent MAP applications to validate package 

integrity. 

 

2.2 Research Hypotheses 

 Contaminant liquid in the sealing area of polymer films has an impact on melting, 

interdiffusion, and entanglement processes during heat sealing; therefore, ultimate heat 

seal strength can be altered depending on the contaminant liquid properties such as 

contact angle of the liquids, thermophysical properties, and  molten polymer miscibility. 

The effect of contaminant liquid on the heat sealing process can be varied with the heat 

sealing process parameters pressure jaw temperature, dwell time and interface 

temperature. The hypotheses for this research are as follows:  

Hypothesis 1: Ultimate seal strength for heat-sealed LLDPE films will decrease with the 

entrapment of liquid at the film-film interface. The reduction of seal strength can be 

minimized by applying an optimal combination of pressure, dwell time, and jaw 

temperature during heat sealing process. 

Hypothesis 2: Contaminant liquid present at LLDPE film-film interface can act as a heat 

sink; the retardation of heat transfer due to the contaminant liquid during heat sealing can 

be modelled mathematically to provide insight into the transient heat transfer with 

contaminant liquid at the film-film interface. 

Hypothesis 3: Poly(ethylene oxide) electrospun fibers can be used as a carrier to 

encapsulate TiO2, methylene blue, glycerol, to form a UV-activated semiconductor 

indicator for oxygen detection. 
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2.3 Research Objectives 

 The overall objective of this research is to investigate the parameters that affect 

the heat sealing process of flexible packages and to develop an oxygen indicator that 

monitors the package integrity. 

Specific objectives for this project are 

1. To determine the effect of contaminant liquid at the film-film interface and to provide 

new insight into the fundamentals of heat sealing strength characteristics under different 

heat sealing process parameters. 

2. To develop predictive models with and without the liquid present:  (a) to calculate the 

transient interface temperature at the film-film interface; (b) to elucidate the heat transfer 

behaviour of LLDPE in the presence of water at the interface; and (c) to validate the 

model using experimental data. 

3. To develop an oxygen indicator for validation of package integrity and to understand 

the reaction mechanism of the indicator based on electrospun fibers. 
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CHAPTER 3:  EFFECTS OF LIQUID CONTAMINANTS ON HEAT 

SEAL STRENGTH OF LINEAR  LOW-DENSITY POLYETHYLENE 

FILM 

3.1 Introduction 

 Heat sealing is one of the most commonly used techniques for making form-fill-

seal packages for liquid food products (e.g. milk, juice, wine, sauce). Heat sealing of two 

thermoplastic films is achieved by compressing the films between two jaws, made of the 

same or different materials (aluminum alloy, steel or elastomer), at prescribed 

compression pressures and jaw temperatures. For semicrystalline polymers, the heat 

provides the energy needed to melt the crystallites, whereas the pressure applied 

facilitates the initial contact between the two films (Harper, Blakistone, Litchfield, & 

Morris, 1995). These factors result in the diffusion and entanglement of polymer chains 

at the film–film interface, forming an intact seal between the two films as the polymer 

solidifies when the jaws are opened.  

 Seal integrity and seal strength are the main parameters that determine the quality 

of a heat seal. Seal integrity is defined as a seal continuum in which there is a complete 

fusion of the polymer with no discontinuities (Harper, Blakistone, Litchfield et al., 1995). 

The maximum seal strength can be defined as the maximum force per unit width of seal 

required to separate progressively the seal, under some specific test conditions (Farris et 

al., 2009; Materials, 2009).  In many food packaging applications, optimal seal strength is 

critical during product distribution to ensure that the package can withstand mechanical 

stresses because of handling. Accordingly, seal strength is often used as one of the 
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process control parameters to ensure that optimal seal integrity is achieved. The dominant 

process variables that dictate seal strength are jaw temperature, jaw configuration and 

dwell time (i.e. the time spent in the seal cycle when polymer films are held together by 

the seal jaws). Theller (1989) examined the effect of process variables and jaw 

configuration on the heat sealability of a low-density polyethylene (LDPE) film. The 

study concluded that dwell time and interface temperature were important process 

variables, whereas pressure had a lesser effect on the heat seal strength. Furthermore, the 

use of serrated jaws had no beneficial effect on LDPE seals as compared with flat jaws. 

By contrast, Oliveira and Faria (1996) showed that serrated jaws were more better than 

flat jaws for heat sealing of multilayer structures, namely biaxially oriented metallized 

polypropylene/biaxially oriented coextruded polypropylene and biaxially oriented 

metalized polypropylene/low-density polyethylene films. Aithani, Lockhart, Auras, & 

Tanprasert (2006) studied the effect of seal pressure, temperature and dwell time on the 

peel-seal strength of LDPE films. Their results showed that the effect of pressure on the 

peel-seal strength of LDPE was minimal; at the jaw temperatures tested (115°C and 

125°C), seal strengths were not significantly affected by the dwell time because the 

interfacial temperature for both films had reached the maximal temperatures well within 

the seal cycle. The effects of jaw temperature and dwell time on seal strength of linear 

low-density polyethylene (LLDPE) were studied by Mueller, Capaccio, Hiltner, & Baer, 

(1998). They concluded that a jaw temperature of 115°C or higher was required to form a 

strong seal. Moreover, higher peel seal strength was reported for LLDPE samples of less 

branched and higher molecular weight. Meka & Ferdinand (1994) reported that seal 

strength of a semicrystalline polyolefin was closely related to the melting temperature 
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distribution of the polymer as determined by differential scanning calorimetry 

measurements. 

 Seal strength properties can also be affected by surface treatment and 

modification of polymer films. For instance, corona-discharge treatment of commercial 

polyethylene and LLDPE has been reported to cause an increase in seal initiation 

temperature by 5-17°C and change the seal failure from normal-tearing to peelable mode 

(James & Prasadarao, 1994). Tetsuya et al. (2005) reported that laminated polypropylene 

films, made with cast polypropylene by using urethane adhesive, required a higher 

temperature to initiate heat sealing; a minimum seal initiation temperature of 120°C was 

needed for a oriented polypropylene (OPP)/cast polypropylene (CPP) multilayer 

structure. Yuan et al. (2007) showed that higher jaw temperature is required to seal 

polyethylene terephthalate laminated LLDPE films because of lower thermal 

conductivity. Andersson, Ernstsson, & Jarnstrom (2002) analysed the effect of a 

neutralizing agent, sodium hydroxide, on the heat sealability of a carboxylated 

styrene/butyl acrylate dispersion coating. They concluded that the addition of sodium 

hydroxide had a negative effect on heat seal strength because of the weakened adhesion 

between the coating layers.  

 Because the formation of a heat seal involves the diffusion and entanglement of 

polymer chains, intrinsic factors such as polymer architecture and morphology will also 

affect the mechanical properties of the seal formed. In general, homopolymers require 

less contact time to achieve the maximum seal strength than polymers containing 

structurally different (heterogeneous) copolymers (Qureshi, Stepanov, Capaccio, Hiltner, 

& Baer, 2001). The extent of chain penetration between polymer films during heat 
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sealing can be characterized using a dimensionless parameter, as proposed by Morris 

(2002). This parameter is directly related to the seal strength.  

 During the form-fill-seal packaging of liquid products, the seal area can 

potentially be contaminated because of the inevitable splashing of liquid products from 

the filling operation. This not only affects the overall heat transfer process that impacts 

the melting of polymer but also interferes with the inter-diffusion of polymer chains, 

thereby weakening the seal strength and integrity. Although many previous studies have 

investigated the effects of process parameters (interface temperature, pressure, polymer 

type and dwell time) on seal strength properties, information on the effect of contaminant 

on seal performance is very limited.  

 The overall goal of this study is to investigate the effect of contaminant liquids on 

the interface temperature and seal strength characteristics of a LLDPE film. Specific 

objectives of this study are: (1) to study the effects of jaw temperature, jaw pressure, jaw 

configuration and contaminant liquid type on seal strength; (2) to elucidate the 

relationship between film–film interface temperature and seal strength; and (3) to 

examine the failure modes of seals under different seal process conditions.  

 

3.2 Materials and Methods 

3.2.1 Polymer films 

 The LLDPE film, with a thickness of 0.06 mm, was donated by DuPont 

(Kingston, Ontario, Canada). The density of the film, determined using ASTM D792-08 

(Method A) was 0.924 g/cm
3 

(ASTM, 2008) . The melt flow rate was 0.674 g/10 min at 

2.16 kg load and 190°C, based on ASTM D1238-10 (Procedure A) (ASTM, 2010). 
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Kapton
®
 polyimide film (Argon Masking, Monrovia, CA, USA) (0.06mm thickness) was 

applied to the upper jaw surface to prevent the adhesion of the LLDPE film to the heated 

jaw.  

 

3.2.2 Jaw configuration  

 Two upper jaws, both constructed of aluminum alloy, were evaluated for the 

formation of heat seals (Figure 3.1). Type 1  had a flat 0.0254 × 0.305 m seal surface, 

whereas Type 2  had a narrow raised strip, which provided a 0.004 × 0.305 m contact 

area. In the heat sealer used, the upper jaw was movable. A silicone rubber pad was used 

in the lower stationary jaw.  

 

3.2.3 Heat sealing  

 Heat seals were made using a Sencorp heat sealer (model 12-ASL/1; Sencorp, 

Hyannis, MA, USA). The experimental setup is illustrated schematically in Figure 3.2, 

showing the relative positions of the jaws, Kapton® layer, film sample and 

thermocouples. To form the seal, the LLDPE film was positioned between the two jaws, 

and the footswitch was immediately depressed to lower the upper jaw. The upper jaw was 

held against the lower jaw at a constant pressure for a preset duration (dwell time). When 

the dwell time was up, the upper jaw returned automatically to the home position, and the 

sealed film specimen was removed from the sealer. Three film–film interface conditions 

were evaluated to simulate typical scenarios: (1) no contaminant; (2) contaminated with 

water; and (3) contaminated with vegetable oil (soybean and canola oil blend; Unico, 

Ontario, Canada). For test conditions (2) and (3), 3ml of water or oil was introduced into 
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a 15 × 10 cm LLDPE pouch (fabricated by folding a square LLDPE film in half and heat 

sealing two sides) through the opening of the pouch. The contaminant liquid was 

distributed evenly throughout the pouch by pressing the films together. The pouch was 

then carefully loaded between the heater jaws, such that when the top jaw was descended, 

it sealed across the liquid contaminant layer. 

 

3.2.4 Measurement of interface temperature  

 Bare wire type K micro-thermocouples (50 mm diameter, Omega Engineering; 

Stamford, CT, USA) were used to measure the interface temperature. Temperature data 

were recorded with a high-speed NI SCXI- 1600 data acquisition device (National 

Instruments, Austin, TX, USA). The data were collected at a 1 kHz sampling rate using 

NI Labview SIGNAL EXPRESS 2.0 software (National Instruments). The maximal 

temperature achieved during the seal cycle was reported as the interface temperature. 

Each experiment was repeated three times. 

 

3.2.5 Determination of heat of fusion  

 A differential scanning calorimeter (DSC) (Model 2910; TA Instruments, New 

Castle, DE, USA) was used to determine the heat of fusion of the LLDPE films in 

accordance with ASTM D3418-08. Samples of 10–11 mg were weighed and sealed in 

DSC pans. All tests and calibrations were conducted under a nitrogen flow rate of 25 

ml/min and a heating rate of 10°C/min. Indium was used for the heat flow and 

temperature calibration. Data were analysed using Universal Analysis 2000 software (TA 

Instruments).  
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Figure 3.1 Schematic of the two jaw configurations used for forming heat seals. 
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Figure 3.2 Experimental set up showing each layer in sealing machine with 

thermocouples. 

 

3.2.6 Measurement of heat seal strength  

 To measure seal strength, an unsupported peel test was conducted using an 

Instron Universal Testing Machine (Model 1122; Instron, Norwood, MA, USA) at a 300 

mm/min crosshead speed according to ASTM F88-00. The initial grip separation was 50 

mm. Prepared seal samples, 25.4 mm in width and 90 mm in length, were conditioned at 

room temperature (22°C ± 2°C) for 48 h before testing. Seal strength values were 

reported as the average of six measurements. The failure modes of the test specimens 

were also analysed and documented.  

 

3.2.6 Evaluation of process variables on seal strength  

3.2.6.1 Upper jaw temperature  

Six upper jaw temperatures (150, 155, 160, 165, 170 and 180°C) were tested to evaluate 

the effects of jaw temperature on seal strength. Jaw pressure was fixed at 367 or 572 kPa 

for the Type 1 and Type 2 jaw, respectively. Pressure was calculated by multiplying the 

number of cylinders acting on the upper jaw with the line pressure, and dividing by the 
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jaw contact area. All tests were conducted at 1s dwell time. Mean comparisons of seal 

strength at different upper jaw temperatures were performed using one-way analysis of 

variance (ANOVA) and Tukey’s test (a = 0.05) using SPSS 17 statistical software (SPSS 

Inc., Chicago, IL, USA).  

 

3.2.6.2  Dwell time 

 Seals were prepared by varying the dwell times (0.3, 1.0 and 1.5 s) to evaluate the 

effects of dwell time. Three levels of jaw temperatures (150, 165 and 180°C) were tested, 

using the 367 and 572 kPa jaw pressures for the Type 1 and Type 2 jaws, respectively. 

Multiple comparisons of seal strength at different dwell times were performed using one-

way ANOVA and Tukey’s test (a = 0.05) using SPSS 17 statistical software. 

 

3.2.6.3  Sealing pressure 

 In another experiment, four sealing pressures were tested for each jaw type: 28, 

56, 197 and 367 kPa for the Type 1 jaw, and 143, 286, 1000 and 1860 kPa for the Type 2 

jaw. Here, dwell time and jaw temperature were fixed at 1 s and 150°C, respectively. 

Mean comparisons of seal strength at different pressure levels were performed using one-

way ANOVA and Tukey’s test (a = 0.05) using SPSS 17 statistical software. 

 

3.2.7 Measurement of liquid contact angle  

 Contact angles of water and oil on LLDPE film were measured by analysing the 

image of a droplet according to ASTM D5946-09. All measurements were taken at room 
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temperature (22°C), and each test was completed within 1 min so that the drop of liquid 

was not affected by evaporation loss. 

 

3.3 Results and Discussion 

3.3.1 Effects of jaw temperature, seal contaminant and jaw type  

 During the sealing process, heat is transferred from the upper jaw to the lower jaw 

because of the presence of a temperature gradient. The heat flux during this conduction 

heating at each layer of material can be described by heat flux equations using Fourier’s 

law (Lienhard, 1981). When the LLDPE films undergo melting, the thermal energy is 

absorbed by the polymer. In the presence of a contaminant liquid layer, depending on the 

properties of the entrapped liquids and the applied pressure, the thermal energy absorbed 

by the liquid will either be in the form of sensible or latent heat. In another words, the 

liquid layer could act as a heat sink, resulting in a reduced energy available for heating 

and melting the crystalline phase of the polymer, thereby hampering the fusion of the two 

film surfaces and weakening the seal strength. This effect can be seen in Figure 3.3, 

which summarizes the influence of water and oil contaminants on seal strength as a 

function of upper jaw temperature for the Type 1 jaw. For the clean seal, no significant 

change in seal strength was observed when the jaw temperature increased from 150°C to 

165°C, indicating that the polymer was completely melted in this temperature range. 

However, the water-contaminated and oil-contaminated seals showed increasing seal 

strength values as temperature increased in the 150°C-165°C range, probably because of 

the increased thermal energy required to overcome the heat sink effects of the 

contaminant. 
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 As shown in Figure 3.3, clean seals formed by the Type 1 jaw had significantly 

higher seal strength (p<0.05) than the contaminated seals (Figure 3.3). Overall, the oil-

contaminated seals have the lowest seal strength values. Considering that the thermal 

diffusivity of water (1.4 × 10
-4 

m
2
/s at 20°C) is higher than that of the vegetable oil (0.09 

× 10
-4 

m
2
/s at 20°C) (Balderas-Lopez & Mandelis, 2003; Coupland & McClements, 

1997),  it is expected that the heat sink effect of water to be more pronounced than oil.  

 

 

Figure 3.3 Seal strength as a function of upper jaw temperature for seals made using Type 

1 jaw at 1 s dwell time and 367 kPa jaw pressure. 

 

 However, Figure 3.3 shows that water-contaminated seals had relatively higher 

seal strengths than the oil-contaminated seals. The overall weaker strength for the oil-
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contaminated seals may be attributed to the diffusion of lipid molecules into the molten 

polymer during the sealing process, causing the formation of a weak boundary layer. 

Similar seal and joint weakening effects have been reported in the literature when seal 

specimens were contaminated with oleic acid, low molecular polymer fraction, additives 

(e.g. antioxidants and slip agents), external processing aids (e.g. mould release agents) 

and other contaminants (Bikerman, 1961; Brewis & Briggs, 1981). The negative effect of 

lipid contaminant can be explained using the plasticization theory: (1) the contaminant 

molecules can act as a lubricant to reduce the intermolecular friction between the molten 

polymer molecules; (2) the number of interaction sites between the polymer molecules 

are reduced because of the formation of weaker bonds between the contaminant and 

polymer molecules; and (3) the increased free volume because of the loosely bound 

contaminant molecules with the polymer molecules can increase the mobility of the 

polymer molecules (Swallowe, 1999; Wypych, 2004). 

 As shown in Figure 3.3, increasing the jaw temperature above 165°C caused a 

substantial decrease in seal strength for all films, especially for the oil-contaminated 

seals. The weakening of the oil-contaminated seal can be attributed to the enhanced 

diffusivity and solubility of lipid molecules in the molten polymer, thereby increasing the 

free volume and decreasing the polymer chain entanglement (Bueche, 1960; Liang & 

Ness, 1997; Litkovets, Bolyuk, & Zeliznyi, 1988; Vrentas & Duda, 1977; Vrentas, Duda, 

& Lau, 1982; Zielinski & Duda, 1992). Besides these mechanisms, the reduction in seal 

strength above 165°C can be partly attributed to the increased displacement of polymer 

from the seal area to the edges of the jaw because of the reduced the viscosity of the melt, 

as well as possible thermal degradation of the polymer (Emanuel & Buchachenko, 1987; 
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Moeller, 2008). For Type 2 jaw, increasing the jaw temperature from 150°C to 180°C 

resulted in no significant changes (p>0.05) in seal strength for clean and oil-contaminated 

seals. However, the water contaminated seals exhibited a steady increase in seal strength 

with increasing upper jaw temperature.  

 

 

 

Figure 3.4 Seal strength as a function of upper jaw temperature for seals made using Type 

2 jaw at 1 s dwell time and 572 kPa jaw pressure. 
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the effect of Type 1 and Type 2 jaws, the effective maximal interfacial temperatures 

achieved during the sealing process were different (see discussion in the next section), 

which may explain the different seal strength profiles observed between the two jaw 

types. Comparing Figures 3.3 and 3.4, it can be seen that the seal strength values for the 

oil-contaminated films were higher when Type 2 jaw was used for sealing. This may be 

related to the higher seal pressure applied when the narrower jaw was used; the increased 

seal pressure may have led to decreased polymer free volume, which decreased the 

diffusivity of oil into the polymer, thereby reducing the effect of oil on seal strength ( 

Wang & Mauritz, 1992).  

 Another noteworthy phenomenon is that the water-contaminated seals exhibited 

the lowest overall seal strengths in the Type 2 jaw, whereas for the Type 1 jaw, the oil-

contaminated seals had the lowest seal strength values. The reason for this observation is 

not known, but from the pressure data, we speculate that the greater applied pressure for 

the Type 2 jaw may have suppressed the boiling point of water at the film–film interface 

(boiling point of water is 156°C at 572 kPa), resulting in the entrapment of liquid within 

the seal. The different seal strength characteristics observed between water-contaminated 

and oil-contaminated seals may in part be because of the different compatibilities 

between the two liquids and LLDPE, which is reflected by the contact angle of the liquid 

on the polymer surface (Figure 3.5). A liquid can form droplets or spread on the surface 

of a polymer depending on the surface tensions existing at the three phase boundaries of 

liquid-solid-vapour (Figure 3.5). For a liquid droplet on a solid surface, Young (ASTM, 

2009) developed the following relationship: 

                         (3.1) 
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where      is the surface tension of the solid and vapour boundary,     is the surface 

tension of the solid and liquid boundary and       is the surface tension of the liquid and 

vapour boundary. When θ is nonzero, the liquid is partially spread on the surface, 

whereas when θ is zero, the liquid will completely wet the solid surface. The contact 

angles obtained for water and oil on the LLDPE film in the present study were 89.51° ± 

1.17° and 29.96° ± 1.2°, respectively. 

 

 

 

 

 

 

 

Figure 3.5 Contact angle of liquid on a solid surface.    ,      and      denote the 

surface tensions of solid and liquid boundary, liquid and vapour boundary, and solid and 

vapour boundary, respectively. 

 
 

 These contact angle values are consistent with those reported by Meiron and 

Saguy (2007) with water and triolein on LLDPE. The higher contact angle for water than 

for oil on LLDPE film indicated that water has a lesser tendency to spread on the 

polyolefin surface, implying that water tended to squeeze out more readily than oil when 

the sealer jaws were clamped together during heat sealing. Higher seal strengths for 

water-contaminated seals compared with oil-contaminated seals can be partly attributed 

to this effect.  
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 Seal strength is also related to the amount of amorphous fraction of a film 

(Qureshi et al., 2001), which can be estimated from DSC data. The total amorphous 

fraction,   , of the LLDPE film was calculated from Eq. (3.2) (Ferdinand & Prasadarao, 

1994): 

       
   

   
          (3.2) 

where     denotes the heat of fusion of the polymer sample (i.e. 118.8 J/g as calculated 

from the DSC thermogram) (Figure 3.6), and      is the heat of fusion of 100% 

crystalline polyethylene (i.e. 293 J/g) (Brown & Gallagher, 2008). The amorphous 

fraction at temperature     was calculated as follows (Ferdinand & Prasadarao, 1994): 

 

          
   

   
               (3.3) 

 

where      is the cumulative heat of fusion of the sample at temperature T. Based on 

Eqs. (3.2) and (3.3), the amorphous fraction is approximately 97%–100% at the interface 

temperature range of 130°C–140°C. Thus, when the LLDPE seal is heated to an interface 

temperature corresponding to this temperature range, the majority of crystallites will be 

melted, allowing maximal polymer mixing between the adjacent films. 

 

3.3.2 Effects of dwell time and interface temperature 

 The effects of dwell time on seal strength for clean, water-contaminated and oil-

contaminated seals are summarized in Figures 3.7 (Type 1 jaw) and (Type 2 jaw). In 

these figures, the maximum interface temperatures reached during the heat seal process 

are also presented. In the absence of contaminant liquid (Figures 3.7a and 3.8a), 
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increasing dwell time from 0.3 to 1.0 s resulted in increased seal strength. The increase in 

seal strength was more pronounced in samples prepared at the lower jaw temperatures 

(150°C and 165°C). Increasing jaw temperature to 180°C and extending dwell time to 1.5 

s significantly decreased seal strength values (p>0.05). Under this high-temperature long-

time seal condition, interface temperatures were all greater than 140°C. These results 

suggested that long contact time should be avoided when sealing at higher jaw 

temperatures to prevent excessive squeeze out of polymer melt, and possible material 

degradation, whereas at lower jaw temperatures, the dwell time should be long enough to 

allow for the melting of crystallites and diffusion of polymer chains across the interface 

to form a strong seal. 

 When seals were contaminated with water (Figures 3.7b and 3.8b), dwell time had 

a pronounced effect on seal strength at low jaw temperatures. For the Type 1 jaw, 0.3 s 

dwell time and 150°C jaw temperature resulted in the lowest seal strength values. For the 

Type 2 jaw, intact seals were not achievable with the short dwell time (0.3 s) at both 

lower jaw temperatures (150°C and 165°C), which was because of the low interface 

temperatures attained at these conditions (87°C ± 0.5°C and 93°C ± 1.4°C), respectively; 

(Figure 3.8b). The presence of the water layer probably acted as a heat sink, causing 

incomplete melting of the crystalline phase at these sealing conditions. This assumption 

is based on the observation that, for the Type 1 jaw, seal strength values for the water-

contaminated seals increased significantly when the dwell time was increased to 1 s or 

jaw temperature was increased. For instance, elevating the Type 1 jaw temperature from 

150°C to 165°C and increasing dwell time from 0.3 to 1 s resulted in an increase in 

interface temperature from 122°C to 131°C (Figure 3.7b), producing a relatively strong 
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seal. However, increasing the dwell time to 1.5 s caused the seal strength to weaken, 

which might have been because of the weakening of the seal edges caused by the boiling 

of the entrapped water (boiling point of water at 367 kPa is 140°C) (Turns & Kraige, 

2007).  From the interface temperature data, it can be seen that the interface temperature 

could reach or exceed 140°C when a 1.5 s dwell time was applied at 165°C jaw 

temperature. Thus, the presence of the water-contaminant layer at the seal not only 

impeded the heat transfer during sealing but also physically interfered with the formation 

of the seal caused by the generation of steam.  

 At 180°C jaw temperature for either jaw type, significant differences in seal 

strength (p<0.05) were observed when dwell time was increased from 1 to 1.5 s , which 

was similar to the finding for the clean seals. 

 Seal strength profiles for samples contaminated with oil (Figures 7c and 8c) were 

markedly different between the two jaw types and as compared with water-contaminated 

seals. In the presence of oil contaminant, the use of the Type 1 jaw with low dwell time 

(0.3 s) resulted in comparable seal strength values when 165°C and 180°C jaw 

temperatures were used, but the seal formed at 150°C was weaker because of the low 

interface temperature achieved for the latter (92°C ± 1°C). 
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Figure 3.6 Differential scanning calorimeter scan of low-density polyethylene at 

10°C/min heating rate. 

 

 Jaw temperature had less influence on seal strength for samples prepared with the 

Type 2 jaw, especially at 1 and 1.5 s dwell times. By contrast, high temperature (180°C) 

and short dwell time (0.3 s) provided the optimal conditions for maximizing the seal 

strength, with a corresponding interface temperature of 106°C ± 0.4°C. From these 

results, it can be concluded that seal strength of oil-contaminated films was strongly 

dependent on jaw type and the pressure applied during heat sealing. In general, when 

dwell time was increased from 1 to 1.5 s, reductions in seal strength were observed, 

possibly because of the mixing of oil with the molten LLDPE that weakened the cohesive 

strength of the polymer chains. Similar observations were reported by Bikerman (1961) 
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when oleic acid, ethyl palmitate and stearone were incorporated into polyethylene, 

resulting in lower peeling strength of the polymer. Jacobsen & Fritz (1999) reported a 

similar phenomenon that the incorporation of fatty acid esters into polylactide 

significantly reduced the elasticity modulus and tensile stress because of the lubrication 

effect of the fatty acid on the polymer.  

 

3.3.3 Failure modes of seals  

 To better understand the different seal strength properties observed, the mode of 

failure of test samples was examined. Six major failure modes (A–F) were identified 

(Figure 3.9). Type A failure was primarily observed in seals contaminated with liquid 

when a jaw temperature of 150°C and a dwell time of 0.3 s were used. With this 

relatively low temperature and short contact time, the lack of chain entanglement resulted 

in weak seals characterized by complete peeling of the two films during the peel test. In 

this failure mode, the adhesive strength acting on the sealing area was lower than the 

cohesive strength of the material being tested (Hernandez, Culter, & Selke, 2004). 

 Type B failure was characterized by complete peeling of the seal with no 

distortions for the separated films. This mode was typical for non-contaminated seals 

when 150°C and 1 s test conditions were used. Here, the seal adhesion was strong enough 

to cause the seal edge to yield during the peel test but was not adequate to overcome the 

cohesive force of the film material. 
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Figure 3.7 Seal strength and maximum interface temperature as affected by dwell time 

and upper jaw temperature for seals prepared using Type 1 jaw at 367 kPa jaw pressure: 

(a) clean (non-contaminated) seals; (b) water-contaminated seals; and (c) oil-

contaminated oil-contaminated seals. Seal strength data are plotted with broken lines; 

interface temperatures are plotted with solid lines. 
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Figure 3.8 Seal strength and maximum interface temperature as affected by dwell time 

and upper jaw temperature for seals prepared using Type 2 jaw at 572 kPa jaw pressure: 

(a) clean (non-contaminated) seals; (b) water-contaminated seals; and (c) oil-

contaminated seals. Seal strength data are plotted with broken lines; interface 

temperatures are plotted with solid lines.  
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Figure 3.9  Different failure modes observed for low-density polyethylene film seals under different interface conditions. The load 

displacement plots are to scale.
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Type C failure was observed for seals prepared at 165°C and 180°C for 1.5 s with or 

without the presence of liquid for both jaw types. With this failure mode, samples tended 

to fail along the edge of the seal base. The weakened edges could be attributed to a 

number of reasons. First, the stress acting on the edges could be higher compared with the 

inner part of the seal, resulting in local pinching that may have created defects at the 

edges during the peel test. Second, the heat transfer rate might be higher at the seal edge 

because of stress concentration, which might have accelerated the thermal degradation of 

polymer along the edge in the Type 1 jaw, especially under high-temperature long-time 

test conditions. Third, the melted material and contaminant liquid can be squeezed out 

from the sealing area and form ‘beads’ at the boundary between heated and non-heated 

parts, resulting in a thinner bonding layer in the sealing areas. 

 Type D failure was characterized by tearing along the edge at the base of seal with 

concomitant necking of material near the seal before failure. This mode was mainly 

observed when 165°C jaw temperature and 1 s dwell time condition was used to make 

seals with either jaw type. Seal strength and elongation values tended to be higher for 

seals exhibiting this mode of failure, as compared with those showing the preceding three 

modes of failure. 

 For the contaminated seals, the liquid layer interfered with optimal fusion of the 

polymer layers, thereby weakening the adhesion strength. This mode of failure (Type E), 

characterized by delamination of the two layers of film during the tensile test, tended to 

occur in liquid-contaminated seals prepared at low temperatures (150°C–165°C) with the 

Type 1 jaw, but not the Type 2 jaw, because of the higher pressure involved when the 

latter jaw configuration was used. As the temperature increased to 170°C for 0.3 s, 

instead of seal peeling as observed with Type E, the seal failed near the edge (Type F). 
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Type F failure was observed when the melted polymer was squeezed out towards the 

edges under extended dwell time and elevated jaw temperature. 

 

3.3.4 Effects of pressure on seal strength 

 For the Type 1 jaw, increasing seal pressure from 28 to 367 kPa did not result in 

significant change in seal strength (p>0.05) for the non-contaminated samples. This is 

consistent with the observations reported by Theller (1989). However, for liquid-

contaminated samples, seal strength values increased significantly as the seal pressure 

increased (Figure 3.10). The effect of pressure on seal strength of contaminated seals can 

be explained in terms of the work required to displace the liquid between films, which is 

dependent on the specific surface free energies (Bikales, 1971): 

           
  ⁰             (3.4) 

Combining Eq. (3.4) with Young’s equation (Eq. (3.5)):  

       
  ⁰                (3.5) 

where      is the work required to displace the liquid. As shown in Eq. (3.5), the work 

required to displace the liquid is dependent on the contact angle of the liquid. The greater 

contact angle of water than oil on LLDPE film may explain the greater increase in seal 

strength for the water-contaminated film than the oil-contaminated film as the seal 

pressure increased, especially when the applied pressure was low (28–56 kPa for the 

Type 1 jaw).  
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Figure 3.10 Effects of pressure on seal strength for samples made at 150°C jaw 

temperature and 1 s dwell time: (a) Type 1 jaw and (b) Type 2 jaw. 
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This observation implies that a minimal pressure is needed to set up the initial intimate 

film contact as well as to displace the contaminant layer during sealing (Wool & Connor, 

1982). On the contrary, the effects of seal pressure for the Type 2 jaw were not significant 

(p>0.05) below 1000 kPa seal pressure; above this pressure, the seal strength tended to 

become weakened (Figure 3.10), possibly because of the excessive squeezing out of 

molten polymer from the seal area and mechanical damages imposed to the seal. 

 

3.3.5 Heat seal strength characteristics with different food emulsions 

 Based on the observed heat seal strength characteristics discussed in Sections 

3.3.1 and 3.3.2, it may be possible to speculate the heat seal strength properties of other 

food products, such as emulsions (e.g., milk, cream, salad dressing, mayonnaise, spreads, 

butter). An emulsion is a mixture of two immiscible liquids, in which one liquid is 

dispersed in the other phase as droplets. Here, the dispersed liquid is known as the 

dispersed phase, while the other liquid is known as the continuous phase. There are two 

major types of emulsions according to their spatial distribution, namely water-in-oil and 

oil-in-water emulsions (McClements, 2005). When heat sealing with food contaminant 

whose major component is water (e.g., fruit juice, milk, sauces), the thermophysical 

properties of the contaminant layer are expected to be more closely resembled to those of 

water. During heat sealing with an increase of interface temperature, the contaminant 

emulsion will absorb the heat energy as sensible heat until the interface temperature 

reaches its boiling point, which will vary depending on the applied pressure. The 

composition of a liquid contaminant will change with the increase of interface 

temperature due to destabilization of the emulsion, denaturation of proteins, and/or 
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degradation of chemical compounds, affecting the TCR value and heat transfer rate 

through the interface, which will ultimately influence the ultimate heat seal strength.  

 Low jaw temperature and short dwell time conditions are not favorable for the 

seals made with liquid contaminants that are trapped between polymer films according to 

the experimental results described in Section 3.3.2. When dealing with oil-in-water 

emulsion contaminant layer, it is preferable to use an interface temperature greater than 

the boiling point of water to facilitate the removal of water from the interface through 

liquid-to-vapour phase change. The removal of water will reduce the barrier layer that 

interfere with the intermolecular diffusion of polymer chains. 

By contrast, liquid contaminants that exhibit thermophysical properties similar as 

oil, such as water-in-oil emulsions, will need a short dwell time and higher jaw 

temperature seal process condition. Application of longer dwell time for this type of food 

contaminant will reduce the entanglement density due to mixing effect of molten polymer 

with the oil at the sealing area, resulting in a lower seal strength as reported in Section 

3.3.2. Therefore, heat sealing process parameters should be adjusted according to the type 

of food contaminants to minimize the heat seal strength reduction. Since emulsion 

destabilization phenomenon during the heat sealing process is complex, the heat transfer 

model developed may need to be recalibrated in order to achieve an accurate temperature 

prediction.   

 

3.4 Conclusions 

 This study showed that the presence of an aqueous or lipid contaminant liquid at 

film–film interface could interfere with the formation of LLDPE seals during heat 
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sealing. The effects of the contaminant layer on LLDPE seal strength were dependent on 

the seal pressure, temperature of the jaws and the seal process dwell time. Overall, 

interface temperature is an important indicator for the formation of proper seal. For clean 

and water-contaminated films, optimum seal strength was obtained when a 130–140°C 

interface temperature was achieved. Above 140°C, significant decrease in seal strength 

was observed. By contrast, vegetable oil-contaminated film exhibited a significant 

decrease in seal strength below the 140°C. The required dwell time to achieve the 

optimum seal strength during heat sealing was affected by the type of liquid and the jaw 

configuration, both of which have significant effects on the interface temperature and 

hence the seal strength values. Low jaw temperature (150°C) and short dwell time (0.3 s) 

condition was not favourable for forming intact seals in both water and vegetable oil-

contaminated films. 

 The optimum jaw temperature and dwell time required to produce intact seals for 

oil-contaminated films was 180°C and 0.3 s, respectively, whereas a combination of 

165°C jaw temperature and 1 s dwell time was required to form intact seals for water-

contaminated films. For oil-contaminated film, higher temperature and longer dwell time 

were not desirable neither because of the increased mixing of the molten polymer and 

lipid, creating a weak boundary layer in the seal matrix. In the presence of contaminant 

liquid, seal pressure of lower than 28 kPa was not sufficient to displace the liquid from 

the sealing areas, implying that the use of a minimum seal pressure is needed. However, 

the application of high jaw pressure (over ~1000 kPa) was also not desirable because of 

the mechanical damages imposed on the seal formed. Based on our study findings, heat 

sealing process parameters should be adjusted according to the type of contaminant liquid 

present at the film–film interface, especially in form-fill-seal process where the seal jaws 
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are applied across the liquid product. For instance, if the contaminant liquid is oil, higher 

jaw temperatures or long dwell time may not be optimal, because the diffusion of lipid 

molecules into the molten polymer can weaken the polymer chain–chain entanglements. 

By contrast, aqueous-based contaminant can become entrapped in the sealing area as 

pockets when a high jaw pressure is used, which can compromise both the strength and 

aesthetic appearance of the seal. For other heat seal applications in which a dry seal is 

involved, this study highlights that unintentional contaminant of seal areas because of 

product contamination can potentially compromise the seal strength of the package, and 

therefore should be avoided.  
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CHAPTER 4:  HEAT SEALING OF LLDPE FILMS: HEAT 

TRANSFER MODELLING WITH LIQUID PRESENCE AT FILM-

FILM INTERFACE 

4.1 Introduction 

 Flexible thermoplastic films are often used in packages for liquid food products, 

such as milk, sauces, wine, and so on. The formation of these packages involves different 

sealing technologies, including heat sealing, hot air welding, ultrasonic welding, and 

application of adhesives. Heat sealing by far is the most widely used sealing technique in 

form-fill-seal packaging, where two layers of film are heat melted and bonded together 

with the application of pressure. A typical process involves compressing the films 

between two jaws that are both heated or one is heated. As the polymer melts under the 

compression force, the molecular segments diffuse across the film-film interface, thereby 

forming an intact seal with desirable strength (Hashimoto, Ishiaku, Leong, Hamada, & 

Tsujii, 2006). 

The main process parameters of heat sealing are temperature, dwell time (i.e., the 

duration of time that polymer films are clamped between the jaws), and the applied 

pressure. The seal strength is primarily controlled by the film-film interface temperature 

which is dependent on the jaw temperature and dwell time, while the applied pressure has 

a minimal effect on the seal strength (Meka & Stehling, 1994; Mihindukulasuriya & Lim, 

2011; Stehling & Meka, 1994a; Theller, 1989; Yuan et al., 2007). In practice, the jaw 

temperatures and dwell time are often adjusted by trial-and-error until optimal seal 

strength is achieved.  The temperature is usually set at a level which is at least a few 

degrees above its final melting point to ensure that the polymer is completely melted, 
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while adequate dwell time is given to allow polymer chain entanglement to take place 

across the interface. Increasing the dwell time beyond the required level is usually 

unnecessary as this does not improve the seal strength (Yuan et al., 2007). Further 

extending dwell time may actually result in polymer thermal degradation. 

Polymer film interface temperature during heat sealing has been the focus of earlier 

studies. Meka and Stehling (1994) developed a finite element analysis (FEA) model to 

calculate the interface temperature of polyethylene (PE) film. Mueller et al. (1998) 

studied the melting and inter-diffusion of linear low density polyethylene (LLDPE) 

during heat sealing and concluded that a temperature of 115°C or higher was required to 

form a good seal for this polymer. In another study, Morris (2002) developed a coupled 

molecular diffusion heat-transfer model that computes the dimensionless penetration of 

molecular segments of an ethylene–methacrylic acid copolymer film. In this study, 

Morris (2002) determined the critical value of penetration that corresponds to the ultimate 

heat seal strength in ionomer films. Later, Huang (2005) developed an analytical transient 

heat transfer model for one dimensional heat-flow in a multilayer slab, consisted of an 

element jaw, a Teflon
™

 layer, an electrical element, two LDPE polymer films, an Teflon
™

 

layer, and finally a backup jaw. Huang’s model predicted well element jaw peak 

temperature values, but the interfacial temperature prediction was only fair. 

Although the aforementioned studies provide fundamental understandings on heat 

sealing phenomena of polymer films, the effects of the presence of liquid at the film-film 

interface have not been investigated. During form-fill-seal packaging operation of a liquid 

product, one problem that is often encountered in the filling line is the contamination of 

the seal area by the liquid product. This arises when the liquid product spreads into the 

sealing areas of polymer films during the form-fill-seal cycle, thereby interfering with 
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heat energy transfer, affecting the fusion of the polymers, and weakening the strength and 

integrity of the seal. 

Heat transfer models for melt sealing often include material phase change at a 

discrete temperature range. The moving boundary method (e.g., Stefan Problem) has been 

widely adopted for modeling polymer melting phenomena, which assumes that the 

polymer has a single melting point (Greco & Maffezzoli, 2003; Minkowycz, Sparrow, 

Murthy, & Abraham, 1988; Sun & Crawford, 1993; Voller, 1997; Zhang, Prasad, & 

Moallemi, 1996). However, semicrystalline polymers have crystalline and amorphous 

domains, and therefore do not exhibit a single melting point (Plummer & Kausch, 1996). 

Instead, their melting takes place over a range of temperature that depends on the lamellar 

thickness distribution. Other parameters that are important but cannot easily taken into 

account include thermophysical properties of the contaminant liquid, thermal history of 

the polymer films, thermal lag, etc. 

In this study, we applied an empirical FEA model to calculate the transient interface 

temperature at the film-film interface in the presence of a water interfering layer. The 

model was validated by experimental interfacial temperature data for water and milk. 

 

4.2 Materials and Method 

 4.2.1 Materials  

The LLDPE film (0.06 mm) used for the sealing was donated by E.I. DuPont Canada 

(Kingston, ON). The density of the film, determined using ASTM D792-08 (Method A) 

was 0.925 g/cm
3
. The melt flow rate was 0.674 g/10 min at 2.16 kg load and 190°C, 

based on ASTM D1238-10 (Procedure A). Kapton™ polyimide film (0.06 mm thickness; 
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Argon Masking, California, USA) was applied to the upper jaw surface to prevent the 

adhesion of the LLDPE film to the heated jaw.  

 

4.2.2 Heats of fusion of LLDPE films 

A differential scanning calorimeter (DSC; model 2910, TA Instruments, New 

Castle, DE) was used to determine the heat of fusion of LLDPE films, in accordance with 

ASTM D3418-08. Samples of about 9 – 10 mg were weighed and sealed in the DSC 

pans. All tests and calibrations were conducted under a nitrogen flux of 25 mL/min and a 

heating rate of 10
°
C/min. Data were analyzed using Universal Analysis 2000 software 

(TA Instruments). 

 

 4.2.3 Heat sealing 

A Sencorp heat sealer (Model 12-ASL/1, Hyannis, MA, USA) was used to form the 

seals. Figure 3.2  shows the relative positions of the heat jaws, Kapton™ layer, film 

samples, and thermocouples. A thermocouple was attached to the center with Kapton™ 

tape at the LLDPE film-film interface. The upper movable jaw was constructed of 

aluminum, whereas the lower stationary jaw was made of silicone rubber. In this study, 

only the upper jaw was heated. The width, height, and length of the heated jaw were 2.54, 

2.54, and 30.5 cm, respectively. 

Seven upper jaw temperatures ranging from 140 to 180
°
C were tested. Two LLDPE 

films, held together with a thin layer of water, were positioned in the sealing area between 

the jaws. The sealing cycle was started when the upper jaw came to the jaw-close 

position. The films were compressed together for 2 s dwell time. At the end of dwell, the 
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upper jaw returned to the jaw-open position and the sealed film sample was removed 

from the sealer. The pressure applied by the upper jaw was 367 kPa. This pressure was 

selected to avoid visual defects caused by excessive compression. A similar procedure 

was used for sealing film specimens without liquid at the film-film interface, except that 

water was omitted.  

 

4.2.4 Measurement of interfacial temperature  

Bare wire type K micro-thermocouples (0.05 mm diameter; Omega Engineering, 

Stamford, CT) were used to measure the interface temperature. The interface temperature 

data were recorded with a high-speed NI SCXI-1600 data acquisition device (National 

Instruments, Austin, TX). The data were collected at 1 kHz sampling rate by using NI 

Labview
®
 Signal Express 2.0 software (National Instruments, Austin, TX). Each 

experiment was repeated three times.  
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Table 4.1  Constants used in the development of heat transfer model. 

Symbol  Expression Value References 

L Latent heat of fusion of LLDPE (J/g) 118.8 Measured (ASTM D3418-08) 

ρs Density of LLDPE (kg/m
3
) at solid domain 925 Measured (ASTM D792-08 Method A) 

ρl Density of LLDPE (kg/m
3
) at liquid domain 900 Greco & Maffezzoli (2003) 

Cs Specific heat of LLDPE at solid state (J/kg.K) 1768 Measured (ASTM E1269-05) 

Cl Incompressible liquid state specific heat of LLDPE (J/kg.K) 2861 Measured (ASTM E1269-05) 

kk Thermal conductivity of Kapton™ (W/m.K) 0.12 Dupont (2009) 

ρk Desity of Kapton™  (kg/m3) 1420 Dupont (2009) 

Ck Specific heat of kapton™ (J/kg.k) 1090 Dupont (2009) 

kps Thermal conductivity of LLDPE (W/m.K) at solid state 0.35 Warlimont (2005) 

kpl Thermal conductivity of LLDPE (W/m.K) at liquid state 0.25 Warlimont (2005) 

Tm Final melting point of  LLDPE (ᵒC) 140 Measured (ASTM D3418-08) 
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4.2.5 Development of heat transfer model 

 A one-dimensional heat transfer model was developed to predict the temperature 

at the film-film interface. The first boundary was located at the upper jaw surface that 

was isothermal. The second boundary was between the Kapton™ and the first LLDPE 

film. The third boundary was at the interface between the first and second LLDPE films, 

and finally the fourth boundary was between the second LLDPE film and the rubber jaw. 

The model assumes discontinuous heat flux at the internal boundary due to imperfect 

contact between each film layers. When LLDPE films undergo phase change from solid 

to liquid during melting, an additional thermal energy is absorbed by the polymer layers.  

 The apparent specific heat capacity was adopted to account for the latent heat of 

fusion as the polymer changes from solid to liquid (Caldwell & Chiu, 2000; 

Naaktgeboren, 2007; Pham, 1995; Voller, Swenson, & Paola, 2004). The heat transfer 

problem was solved using Comsol
®
 Multiphysics 3.5a software with partial differential 

equation (PDE) module (COMSOL, Burlington, MA). The computation was run for a 

sealing time of 2 s to predict the temperature at the third boundary. In the model, the 

thermal gradient in the other directions were assumed to be negligible, considering the 

thin profile of the film specimens. The one-dimensional model was fitted with 481 nodes. 

Time dependant analysis was selected, which automatically solves the transient heat 

conduction problem. A time step of 0.01 s was used. The values for the constants used in 

the model are summarized in Table 4.1. The following assumptions were made for the 

heat transfer model: 

1. The LLDPE is incompressible throughout the entire sealing process; 
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2. The moving boundary with respect to the LLDPE phase change was 

 negligible ; 

3. The lower rubber jaw was a perfect insulator ; 

4. Upper jaw was isothermal ; 

5. One dimensional heat conduction occurred through all three layers of 

 material. 

 

4.2.5 Phase change of polymer and apparent specific heat capacity 

changes  

 In this study, apparent specific heat capacity changes during polymer melting was 

adopted to account for the phase change effect of LLDPE. The temperature-heat flow 

profile of LLDPE during melting is related to its melting temperature distribution (MTD), 

a plot of melted fraction versus temperature that depends on lamellar thickness 

distribution. Thin crystals tend to melt at lower temperatures, whereas thick crystals melt 

at higher temperatures (Greco & Maffezzoli, 2008; Stehling & Meka, 1994). 

Considering the existence of broad melting temperature distribution of LLDPE 

during melting, the latent heat involved during the melting of the crystalline phase was 

lumped with the specific heat. When this LLDPE is undergoing a phase change from 

solid to liquid, the enthalpy Hi can be described as (Voller & Peng, 1994) :  

 

             
   

  
        

   

  
                                         (4.1) 

where i is the equivalent temperature regime and    can be defined in Eq. (4.2): 
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         (4.2) 

 

   is the initial temperature (°C) of the LLDPE at i
th

 temperature regime; Tfi  is the final 

temperature (°C) of the LLDPE at i
th

 temperature regime;    and    are specific heat 

(J/kg.K) of the polymer at solid and liquid state, respectively; and L is the latent heat 

(J/kg) of LLDPE during melting. The θ is changing from 0 to 1 during melting of the 

polymer from solid to liquid state. 

Based on the shape of the DSC thermogram (Figure 3.6 in Chapter 3), the melting 

of LLDPE is arbitrarily separated into 5 regimes: below 40, 40-87, 87-117, 117-140, and 

above 140°C. Below 40
ᵒ
C, the LLDPE film is in solid sate and the enthalpy can be 

written as Eq. (4.3), assuming melting started to occur after 40
ᵒ
C: 

 

            
      

       
         (4.3) 

 

where      before melting start in the polymer and Tini is the initial temperature of the 

LLDPE. During melting, the energy needed to melt the different crystalline regions of the 

polymer can be expressed as: 

 

            
      

     
        

      

     
           (4.4) 

 

            
       

     
        

       

     
                   (4.5) 
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                              (4.6) 

where θ2, θ3, and θ4 are melted fraction at that temperature regime. Above 140
ᵒ
C, the 

enthalpy can be described as: 

        
   

      
                                                                                (4.7) 

where       in the liquid state of the polymer. The apparent specific heat capacity at i
th

 

temperature regime       can be calculated by using the enthalpy method as described by 

Yang et al. (2008) : 

    
   

      
                                                                                    (4.8) 

where Hi is the enthalpy at i
th

 temperature regime and        is the temperature difference 

at i
th

 temperature regime. 

The apparent specific heat capacity values at each temperature regimes were 

calculated by ASTM E 1269-05 (ASTM, 2005). A DSC (model 2910, TA Instruments, 

New Castle, DE) was used to determine the apparent specific heat capacity of LLDPE 

films during melting. Samples of about 6-7 mg were weighed and sealed in the DSC pans. 

A synthetic sapphire disk was used for heat flow calibration. All tests and calibrations 

were conducted under a nitrogen flux of 25 mL/min and a heating rate of 20
°
C/min. Data 

were analyzed using Universal Analysis 2000 software (TA Instruments)  (The DSC 

thermograms can be found in appendix 8.2). 

  

4.2.5 TCR in modelling 

The rate of heat transfer across two surfaces depends on their contact interface. 

Imperfect interfacial contact can increase the resistance to heat flow, resulting in a 
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temperature drop across the interface.  This resistance to heat flow can be characterized 

by the thermal contact resistant (TCR), which is defined as the ratio of the temperature 

difference between two contacting bodies over the heat flow rate (Bahrami et al., 2004a, 

2004b; Salgon & Blouet, 1997) : 

      
  

 
                                                                        (4.9) 

where    is the effective temperature difference between two contacting surfaces and   

is the heat flow rate. The TCR is dependent on factors such as surface characteristics 

(e.g., surface roughness, presence of pores), properties of the contaminant solid or liquid 

(e.g., phase change behaviour, liquid surface tension), and the applied pressure.  

 

4.2.6 Governing equation and boundary conditions 

 The governing equation and the corresponding boundary conditions for the heat 

transfer model are discussed below. Eq. (4.10) describes the unsteady state one 

dimensional heat conduction, which is a governing equation for the modeling: 

     
  

  
   

   

            (4.10) 

The first boundary (upper jaw temperature) (0 ≤ X ≤ X1) condition is given by: 

                     (4.11) 

The second set of boundary (X1≤ X≤ X2) conditions are considered in Eq. (4.12), 

which describes the heat transfer between Kapton™ and the 1
st
 LLDPE film. To take the 

imperfect contact between these two layers into account, a discontinuity heat flux 

equation with TCR was implemented as follow: 

  
  

  
       

 

    
                    (4.12) 
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where Tk1  is the temperature of the Kapton™ layer at second boundary.  

The third set of boundary (X2≤ X ≤ X3) conditions is given in Eq. (4.13), which 

describes heat transfer between the 1
st
 and 2

nd
 LLDPE films.  

   
  

  
        

 

    
                     (4.13) 

where     is the solid or liquid state thermal conductivity of LLDPE film. Again, 

discontinuity in heat flux was considered with the application of TCR.  

Finally, Eq. (4.14) describes the boundary condition at the fourth boundary between 

the 2
nd

 LLDPE film and the lower rubber jaw: 

  

  
                                         (4.14) 

The physical locations of the boundaries and the respective heat transfer equations 

are summarized in Figure 4.1. 
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Figure 4.1  Schematic illustrations of the physical locations of the boundaries and the 

respective heat transfer equations. 

 

4.2.7 Development of a heat transfer model with the presence of liquid 

at the film-film interface 

In the presence of contaminant liquid at the film-film interface, the model must 

include TCR at the film-film interface, which is different from the dry contact resistance 

applied in Eq. (4.15). Here, the third set of boundary conditions described in Section 4.2.6 

was modified by considering discontinuity in heat flux due to trapped liquid at the film-

film interface, as Eq. (4.15): 

   
  

  
        

 

    
                    (4.15) 

where Tp1 is the temperature of first LLDPE film at that boundary.  
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4.2.8 Model fitting and validation 

The heat transfer model was fitted to the interface temperature data collected at 

different jaw temperatures (140, 150, 160, 170 and 180
⁰
C), by adjusting the TCR values 

systematically to obtain the minimum root mean square error (RMSE). RMSE explained 

the average magnitude of the error deviation in a predicted and experimental data set. It is 

used to determine the goodness of fit of the model to the interface temperature data 

(Akpinar, Bicer, & Yildiz, 2003; Ertekin & Yaldiz, 2004; Salvadori, 2009) : 

 

      
 

 
                           

  
    

   

                    (16) 

 

where n is the number of data points,               is the experimental interface 

temperature data, and            is the predicted temperature data from the model. Since 

the contact resistance at the interface is expected to vary with the melt fraction of the 

polymer, different TCR values were applied at different interface temperature regimes 

(>87, 87-117, and 117-140°C). The selection of these three temperature ranges was based 

on the DSC thermogram profile, which could be arbitrarily separated into three regions 

(See Section 3.1). Linear regression analysis was conducted on the TCR versus jaw 

temperature values for each of the three temperature regimes. The resulting regression 

equations were used to calculate the TCR value for a given jaw temperature during model 

validation in the presence of water contaminant layer, using the validation datasets 

obtained at 155 and 165
⁰
C jaw temperatures. Further model validation was conducted 

with  bovine milk (2% fat) as the contaminant liquid at 165
ᵒ
C jaw temperature. 

Experiments were conducted in triplicate. 
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4.3 Results and Discussion 

4.3.1 Changes of apparent specific heat capacity 

As a semi-crystalline polymer, the heating of crystalline phase in LLDPE film 

through the melting point resulted in an increased heat capacity. As shown in Figure 3.6 

in chapter 3, the DSC thermogram from the first scan shows a broad endothermic melting 

peak that may be attributed to the broad crystal thickness distribution in the lamellae. The 

heat of fusion of LLDPE determined from DSC was 118.8 ± 1.66 J/g. A similar result 

was reported by Greco & Maffezzoli (2003) for LLDPE heat of fusion and their reported 

value was 118.5 J/g. In order to account for the changing specific heat as the polymer 

melts, the DSC thermogram was divided into 3 regions and fitted with different specific 

heat values (Figure 3.6 in chapter 3). The first region covered the temperature transition 

below 87
⁰
C, second region from 87 to 117

⁰
C, and third region from 117 to 140

⁰
C. These 

temperature regimes were selected based on the change of slope (heat flow versus 

temperature) of DSC scan obtained for LLDPE. Similar temperature regimes were 

adopted by Greco & Maffezzoli (2003) in their simulation of heat transfer of LLDPE 

during rotational moulding. 

Figure 4.2 summarises the variation of apparent specific heat capacity with 

temperature. Similar trends were reported for semi-crystalline polymers in the literature 

(Alsleben & Schick, 1994; Kong & Hay, 2003; B. Yang et al., 2009). The apparent 

specific heat capacity changes in each temperature regime were taken into account during 

phase change of the polymer. The calculated specific heat capacities for solid and liquid 

domain of LLDPE were in accordance with the values reported by other researches. As 
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reported by them, the solid state heat capacity of LDPE ranged from 1760-1900 J/kg.K, 

and the liquid state ranged from 2260-2730 J/kg.K ((Brandrup, 1989; Meka & Ferdinand, 

1994; Warlimont, 2005). 

  

 

Figure  4.2  Variation of specific heat capacity of LLDPE as a function of temperature 

during melting. 

 

4.3.2 Effect of film-film interface temperatures on TCR 

The interface temperature profiles during heat sealing for clean LLDPE films, as 

affected by the jaw temperatures, are summarized in Figure 4.3. As shown, the higher the 

upper jaw temperature, the greater the rate of heat transfer across the film-film interface. 

The predicted temperature profiles, created based on the TCR2 values as summarized in 

Figure 4.3, are shown as dotted lines. Overall, the heat transfer model predicted the 

observed interface temperature well, with RMSE values ranging from 1.6 to 2.1
o
C. The 
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calculated TCR values were also in the same order of magnitude as compared to data 

reported in the literature for thermoplastics (Hall, Ceckler, & Thompson, 1987; Masse, 

Arquis, Delaunay, Quilliet, & Bot, 2004). Figure 4.4 shows that the contact resistance 

was dependent on the interface temperature; the TCR value was the highest at any given 

jaw temperature when the polymer was in the solid state (interface temperature < 87
⁰
C). 

The trend was probably due to the presence of micro-gaps at the film-film interface, in 

which the air acted as a thermal insulator that hinders heat transfer.  

By contrast, a lower TCR value was observed when the polymer was in the molten 

state (interface temperature 117-140
⁰
C). This is expected since the viscosity of the 

polymer reduced as the temperature increased above the melting point. The low viscosity 

facilitated the material flow into the micro-gaps present at the film-film interface, thereby 

reducing the overall contact thermal resistant. Similar observations were observed  by Yu, 

Sunderland & Poli (1990) when injection molding acrylonitrile-butadiene-styrene . They 

also obtained lower TCR values between the steel mold and acrylonitrile-butadiene-

styrene at higher injection temperatures. Bendada, Derdouri, Lamontagne, & Simard 

(2004) observed the same phenomenon on TCR between polypropylene and the steel 

mold in injection molding,  reporting that TCR is higher when lower injection 

temperature is used.  
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Figure 4.3 Comparisons of predicted (dotted lines) and observed (solid lines) interface 

temperatures for clean LLDPE films at 140, 150, 160, 170, and 180
o
C jaw temperatures, 

using the TCR2 values as indicated in Figure 4.4. 

 

 

Figure 4.4  TCR2 values as a function of jaw temperatures at three different interface 

temperature regimes for uncontaminated LLDPE films. 
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4.3.3 Effect of jaw temperature on TCR 

As shown in Figure 4.4, increasing jaw temperature caused the TCR2 to increase. 

This trend was more prominent when the polymer was in the solid state and partially 

melted (i.e., interface temperatures <87 and 87-117
o
C) than when the polymer was melted 

(117-140
o
C), as exemplified by a lower gradient of the plots in the latter. According to 

Eq. (4.9), TCR is proportional to the temperature difference between two contacting 

surfaces, but inversely proportional to the heat flow rate. Thus, in a perfect interface 

where the contact resistance is negligible, although the application of higher jaw 

temperature will increase the temperature difference across the interface (which in turn 

tends to cause the TCR to increase), the heat flow rate across the film-film interface 

should increase as well, thereby compensating for the increase in temperature. However, 

in an imperfect interface where micro-gaps are present, the heat transfer across the void 

could be impeded. As a result, increasing the jaw temperature can amplify the TCR value.  

This inference is consistent with the observation in Figure 4.4 that at 117-140
⁰
C interface 

temperature, the TCR values were considerably less sensitive to jaw temperature change 

as compared to when the polymer was in the solid state (interface temperature < 87
⁰
C), 

due to the fact that the micro-gaps were flooded with molten polymer in the former.  

On the other hand, the observed TCR1 value was constant (0.003 m
2
K/W) over the 

entire jaw temperature range due to minimum variation of the temperature in the 

Kapton™ layer. This could be due to the fact that each of the experiments was started 

after the Kapton™ layer had achieved thermal equilibrium. The magnitude of  the TCR1 

value was in good agreement with the results reported in the literature, between the steel 
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mold and homopolymer polypropylene interface for injection moulding process  (Danley, 

2002). 

 

4.3.4 TCR in the presence of water contaminant 

 In the presence of a water contaminant layer, the interface temperature profiles are 

summarized in Figure 4.5. The predicted temperature profiles were created based on the 

TCR3 values reported in Figure 4.6. The model predicted the observed data well with 

RSME values ranging from 1.6 to 2.8
o
C. In the presence of water, TCR values (Figure 

4.6) were lower as compared to those of the clean films (Figure 4.4). The different 

contact resistance observed could be attributed to the different thermal conductivity of the 

material occupying the micro-gaps present at the film-film interface. In the 

uncontaminated films, the micro-gaps were filled with air, which is a poor thermal 

conductor (conductivity 0.0299 W/m.K) (Grujicic, Zhao, & Dusel, 2005), resulting in a 

reduced heat flow rate (Figure 4.7A). In the contaminated film, the micro-gaps were filled 

with water, which has a higher thermal conductivity (0.607 W.m
-1

.K
-1

) than air (Chol, 

1995)  (Figure 4.7B). Although the presence of water decreased the TCR at the interface, 

it has the opposite effect when it acted as a heat sink, absorbing a substantial amount of 

thermal energy through: (1) sensible heating      (Eq. (4.17)) when the interfacial 

temperature was lower than the boiling point of water (140
⁰
C at 367 kPa pressure); and 

(2) liquid-to-vapour latent heating when the interface temperature was equal  to the 

boiling point of water       (Eqs. (18) and (19)).  

 

                            (17) 
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where     (J/kg.K) is the specific heat of water at the applied pressure. 

     
  

  
                (18) 

where 
  

  
 is the rate of change of mass of water at the interface. 

This 
  

  
 at the interface is a function of interface temperature.  

  

  
                           (19) 

The increased heat capacity due to sensible and latent heating can be confirmed 

from the interface temperature data; in the presence of water, the interface temperature 

was approximately 4°C lower than that when the film-film interface was clean during 

heat sealing. The ability of liquid to fill the interface micro-gaps is dependent on the 

contact angle of the liquid on the polymer films and the applied pressure. A liquid with 

low contact angle implies that the liquid tends to wet the surface of the polymer and fill 

the interfacial gaps readily. Therefore, the contact angle of the liquid is also another 

important parameter that determines the heat transfer across the interface process during 

sealing of a contaminant seal. 
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Figure 4.5 Comparisons of predicted (dotted lines) and observed (solid lines) interface 

temperatures for water-contaminated LLDPE films at 140, 150, 160, 170, and 180
o
C jaw 

temperatures, using the TCR3 values as indicated in Figure 4.6. 

 

 

Figure 4.6  TCR3 values as a function of jaw temperatures at three different interface 

temperature regimes, for LLDPE films contaminated with water at the film-film interface. 
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Figure 4.7  A schematic illustration of two LLDPE films with gaps filled with air (A) and 

water (B). The arrows represent the heat flow across the interface.  

 

4.3.5 Validation of heat transfer model  

The heat transfer model was validated at 155 and 165
⁰
C using the calculated TCR 

values (Figures 4.8 and 4.9). As shown, the predicted interface temperature profiles 

agreed well with the observed data, with RMSE values of 1.6 and 2.1
⁰
C for 155 and 165 

⁰
C jaw temperatures, respectively. For the water-contaminated seals, the RMSE values 

were 1.6 and 2.5
⁰
C for 155 and 165

⁰
C, respectively. To further validate the model, bovine 

milk (2% fat) was used as a contaminant liquid at the film-film interface (Figure 4.10). A 

reasonable prediction was observed for the interface temperature at 165°C jaw 

temperature, resulting in a RMSE value of 3.1°C, indicating that the model is able to 

predict the interface temperature for aqueous liquids such as milk.  
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Figure 4.8 Comparison between predicted (broken line) versus observed (solid line) 

temperatures at 155°C and 165°C for clean seals.  

 

 

 
Figure 4.9  Comparison between predicted (broken line) versus observed (solid line) 

temperatures at 155°C and 165°C in the presence of water at film-film interface. 
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Figure 4.10  Comparison between predicted (broken line) versus observed (solid line) 

temperatures at 165
°
C with the presence of milk at film-film interface. 

 

 

 

4.3.6 Application of the heat transfer model  for different food types and 

materials 

This model developed can be applied to explain the heat transfer during heat sealing 

for other polymer films materials (e.g., HDPE, LDPE, multilayer material with 

ionomers). To do so, thermophysical properties (i.e., thermal conductivity, density, 

specific heat, and heat of fusion) of the material should be modified. Since the boundary 

condition at the polymer-polymer interface varies according to the material type, the TCR 

will be expected to be material type dependent, and the parameter will need to be 

recalibrated. For instance, ionomers are oil and grease resistant materials that are 

commonly used for high lipid products. These polymers are produced by cross linking 
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as compared to aqueous-based products, for the ionomer polymers. For emulsion 

contaminants, the TCR value is expected to vary considerably with the interface 

temperature. As the water component is evaporated, the changes in composition of milk 

during heat sealing can affect the contact angle of the polymer films, thereby accelerating 

or decreasing the heat transfer through this polymer-polymer boundary, depending on the 

emulsion type. Besides acting as heat sink as water evaporates, material changes such as 

protein denaturation and melting of solid fat will also change the possible heat transfer 

rate to the polymer films. While these phenomena are highly complex, potentially their 

effects could be “lumped” in TCR, which can be treated as an empirical parameter in the 

semi-theoretical heat transfer model. 

 

4.4 Conclusions 

 Heat transfer FEA models were developed to predict the interface temperature for 

heat sealing of LLDPE films when water was present or absent at the film-film interface. 

The predicted interface temperature profiles and the measured values are in close 

agreement both with and without the presence of water at the film-film interface. Water 

present at the film-film interface decreased the interface temperature, acting as a heat sink 

and interfering with the melting of LLDPE films. The TCR can be used to explain the 

heat transfer behaviour across the film-film interface with the contaminant liquid during 

heat sealing. The TCR at the film-film interface decreased in the presence of liquid due to 

the reduction in the air gaps and increased thermal conductivity across the interface.  The 

empirical modelling approach can be useful to explain the heat transfer behaviour at the 

film-film interface, which can be used to provide a better understanding of the sealing 
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process, especially when a contaminant liquid is present at the film-film interface of the 

polymer films. The model can be applied to analyze the effect of different liquid foods on 

heat seals, which is useful for predicting the potential impact of seal contaminant during 

form-fill-seal packaging processes.  

 

 

 

 

 

  



105 

 

CHAPTER 5:  PHOTOACTIVATED OXYGEN INDICATOR BASED 

ON ELECTROSPUN POLY(ETHYLENE OXIDE) FIBERS AND TIO2 

NANOPARTICLES  

5.1 Introduction 

Many foods products are packaged in modified atmosphere package (MAP) with a 

headspace gas composition that is different from air to increase their shelf-stability 

(Robertson, 2006). One variant of MAP involves packaging food with a headspace gas of 

reduced or zero oxygen concentration to reduce the deleterious effects of oxygen on 

product quality due to various reactions (e.g., lipid oxidation, browning, off-flavor, 

micronutrient degradation) and shelf-life of respiring produce (Church, 1994; Robertson, 

2006; Vermeiren, Devlieghere, Beest, Kruijf, & Debevere, 1999).  One of the challenges 

faced in reduced-oxygen MAP is that the oxygen level  can change during storage of the 

product due to permeation of oxygen through the packaging material and the ingress of 

oxygen through imperfect seals or pinhole package defects (Vermeiren, Devlieghere, 

Beest, Kruijf, & Debevere, 1999). The oxygen transport not only will alter the optimal 

headspace gas composition that affects the product quality, but also potentially poses 

safety issues due to microbial contamination. Thus, a robust validation method to ensure 

the integrity of the MAP package throughout the food distribution chain is required.   

 Foods benefitting from MAP include cured meat, poultry, oily fish, raw and 

process meats products, fresh pasta, bakery products, etc. (Church, 1994; Lee,  Arul, 

Lencki, & Castaigne, 1996; Robertson, 2006). Oxygen is one of the main causes of food 

spoilage for many MAP products (Hotchkiss, 1997; Mills, 2005; Mills, 2009; Mills & 

Hazafy, 2008; Papkovsky, 1995; Strathmann, Pastorelli, & Simoneau, 2005; Zerdin, 
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Rooney, & Vermu, 2003). Oxygen can promote aerobic microbial growth, oxidation of 

food components such as lipids and vitamin C and changes in color, flavour, odour 

(Suppakul, Miltz,  Sonneveld, & Bigger, 2003), and so on. In general, the reduction of the 

oxygen content in MAP helps to extend the shelf-life of most foods by 3-4 times as 

compared to those packaged with atmospheric air (Brody, Strupinsky, & Kline, 2001;  

Lee, Sheridan, & Mills, 2005).  

 Although colorimetric, fluorescence, and conductivity sensors have been 

successfully used for the detection of oxygen, these instruments are costly, required 

trained users to operate, and lack of portability (Evans, Douglas, Williams, & Rochester, 

2006; Lee, Sheridan, & Mills, Papkovsky, 1995). These characteristics prevent their 

deployment for routine oxygen measurement and continuous monitoring in the 

distribution chain. To overcome these challenges, intelligent packaging concept has been 

applied, which exploits low-cost external or internal indicators to reveal the history or 

quality of the product. These indicators provide visual feedback, such as color change, 

which can be detected readily by various stakeholders (producer, distributor, retailer and 

consumer) to identify the compromised packages.  

 Commercial oxygen indicators have been developed based on different 

mechanisms for MAP application (Ahvenainen, 2003; Zhujun & Seitz, 1986).  For 

instance, ‘Ageless eye®’ (Mitsubishi Gas Chemical Co., Japan) oxygen indicator 

provides visual feedback when placed within an MAP, changing from pink to blue as 

oxygen concentration increases above 0.5% (Ahvenainen, 2003; Mills, 2009; Vermeiren,  

Devlieghere, Beest, Kruijf, & Debevere, 1999). However, many of these indicators lack  

precise control of the reaction start point due to premature activation by oxygen presence 
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in the air. Moreover, many of these indicators react reversibly with oxygen (Mattila-

Sandholm, Ahvenainen, Hurme, & Jarvi-Kaarianen, 1998). 

Recently, metal oxide semi-conductors such as titanium dioxide (TiO2) and zinc 

oxide (ZnO) nanoparticles have received considerable interest in oxygen sensor 

development (Chang,  Hsueh, Hsu, Chiou, & Chen, 2009; Mahmoud & Kiriakidis, 2009; 

Mills, Elliott, Parkin, ONeill, & Clark, 2002).  When these semiconductors are irradiated 

with electromagnetic radiation with energy greater than their band gap (in the UV range), 

electrons in their valence band are promoted to the conductance band. The resulting 

excited electrons can be directed to activate redox dyes for oxygen detection.  One of the 

most innovative approaches involves the use of TiO2 nanoparticles, in conjunction with a 

mild sacrificial electron donor (MSED) and a redox-sensitive dye, to develop UV-

activated indicators for MAP applications (Mills, 2005; Mills & Hazafy, 2008; Mills, 

Tommons, Bailey, Tedford, & Crilly, 2008). In this approach, exposing TiO2 to UV 

radiation results in the formation of electron-hole pairs on the surface of the 

semiconductor. The photogenerated holes in turn oxidize the MSED. MSED plays an 

pivotal role here since it prevents the recombination of the electron-hole pairs, ensuring 

that the excited electrons are available for the reduction of the redox-dye. As a result of 

this reaction, the dye is activated, changing from the colored oxidised state to colorless 

reduced state. Upon exposure to oxygen, the reduced dye oxidizes and regains its original 

colour (Mills, 2005; Mills, 2009). The schematic representation of this mechanism is 

shown in Figure 5.1. 

The UV-activated mechanism is attractive since the indicator can be triggered after 

the indicator has been placed within the package, thereby preventing uncontrolled 

activation due to the exposure to oxygen in the air - a shortcoming commonly associated 
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with many existing passive oxygen indicators. In this UV-activated oxygen indicator 

system, the rate of oxidation of the redox dye is strongly affected by the amount of 

electrons received by the semiconductor, as well as the permeability of oxygen in the 

polymer carrier for encapsulating the above mentioned components for the indicator 

system.  Both of these factors are dependent on the surface to volume ratio of the 

indicator. 

Therefore, it is expected that the performance of the oxygen indicator can be 

enhanced by increasing the surface area and proper dispersion of TiO2 nano-particles 

within the polymer matrix. Electrospinning is an ideal fiber-forming technique to achieve 

these two goals since the resulting fibers are typically submicron in diameter, and 

furthermore, the high shear rate involved during the spinning process is useful for 

dispersing the nanoparticle in the polymer matrix, ensuring the generation of adequate 

surface electrons for the redox reaction.  

 The objectives of this study are: (1) to develop an UV-activated oxygen indicator 

using electrospun poly(ethylene oxide) (PEO) fiber as a carrier for the active indicator 

components;  (2) to elucidate the effect of various active components on sensitivity of the 

indicator to oxygen and UVA radiation; (3) to compare the performance of indicators 

produced using electrospun and cast carriers, and; (4) to optimize the formulation of the 

indicator.  
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Figure 5.1  Schematic illustration of the reaction mechanism of oxygen indicator based on 

TiO2 semiconductor, showing its relationship with methylene blue and glycerol. MBOx: 

oxidized methylene blue; MBRd: reduced methylene blue; TiO2
+
: holes in valence band: 

TiO2
-
: excited electrons in conductance band. 

 

 

5.2  Materials and Method 

5.2.1 Materials 

The TiO2 was donated by Degussa Corporation (P25 grade; a mixture of 20% rutile 

and 80% anatase; (Degussa Corporation, NJ, USA). Methylene blue (MB) and 

poly(ethylene oxide) (PEO) (900 kDa) were purchased from Sigma-Aldrich (Sigma- 

Aldrich,ON, Canada). Glycerol (certified ACS) was purchased from Fisher Scientific 

(Fisher Scientific, NJ, USA).  
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5.2.2 Methods 

5.2.2.1 Preparation of fiber-forming solution with active components for 

electrospinning 

Figure 5.2 summarises the procedure for the preparation of the fiber-forming 

solution for electrospinning. An aqueous solution of 70% (v/v) ethanol was prepared by 

mixing 70% anhydrous ethanol with 30% deionised water. PEO powder was dispersed 

into the aqueous ethanol to produce a 5% (w/w) polymer solution by mixing 5 g of PEO 

with 95 g of 70% (w/w) for 1 h using a magnetic stirrer. In another beaker, 5% (w/w) MB 

solution was prepared by mixing 0.5 g of MB with 9.5 g of 70% (w/w) aqueous ethanol 

solution and mixed for 5 minutes. Similarly, 5% TiO2 (w/w) aqueous solution was 

prepared by dispersing 2.5 g of TiO2 nanoparticles with 47.5 g of 70% (v/v) aqueous 

ethanol solution, and mixed using an ultrasonic mixer (Vibra-cell
TM

 VC505, Sonics & 

Materials, Inc. Newtown, CT USA) for 15 minutes to disperse the TiO2 nanoparticles. 

Finally, the above three solutions, along with appropriate amount of glycerol were 

weighed and mixed using a mechanical stirrer for 30 min to prepare the fiber-forming 

solutions containing different component ratios, according to the formulations given in 

Tables 5.1 and 5.2. 
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Figure 5.2  Flow diagram for the preparation of fiber-forming solution. 

 

5.2.2.2 Electrospining of fiber-forming solutions 

The fiber-forming solution was fed into a 3-mL disposable plastic syringe fitted 

with a 20-gauge blunt-end stainless steel needle spinneret (Figure 5.3). The syringe was 

connected to an infusion pump (Model 780100; Kd Scientific Inc., Holliston, MA, USA). 

The positive electrode of a direct current power supply (Model ES30R-5W/DM; Gamma 

High Voltage Research, Ormond Beach, FL, USA) was attached to the spinneret. The 
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ground electrode was attached to a circular stainless steel collector (26.5 cm diameter). 

The collector was covered with a layer of  white paper on which the fibers were 

deposited. The distance between the collector plate and needle tip was fixed at 20 cm. 

The applied voltage to the spinneret was between 6-7 kV in order to initiate the formation 

of a polymer jet. The electrospinning process resulted in a blue non-woven membrane of 

30 µm in thickness deposited on the collector that was removed for further evaluation. 

For comparison, the fiber-forming solution was cast as a continuous film, instead of 

electrospinning into fiber, to evaluate the effect of surface area of the PEO carrier 

polymer. Casting of the oxygen indicator film was done by spreading the fiber-forming 

solution on a flat surface, and allowing the solution to dry at 22
o
C and 60 % RH for one 

hour. The UV-sensitive oxygen indicator membranes and films obtained were stored in a 

desiccant cabinet until use. All the experiments were conducted at room temperature (22 

± 2°C). 

 

5.2.2.3 UVA irradiation and color measurements of the indicator 

To activate the oxygen indicator membranes and films, they were irradiated with a 

8 W handheld UVA (365 nm) light source (Fisher Scientific, NJ, USA) for 30 s. The 

distance between the membrane and the lamp was fixed at 3.5 cm. The K/S (color 

absorbance over scattering ratio) values of electrospun fibers at 590 nm wavelength 

versus time profiles were recorded every 15 min for 60 minutes using a 

spectrophotometer (CM 3500-d, Konika Minolta, Mahwah, NJ, USA). The K/S value is 

defined as (Shaw, Sharma, Bala, & Dalal, 2003; Yang, Zhu, & Pan): 
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                            (5.1) 

where K is the absorption coefficient , S is the scattering coefficient and    is the 

reflectance at infinite thickness.  

 

 

Figure  5.3  Schematic illustration of the electrospinning setup used to develop oxygen 

indicator. 

 

Electrospinning solutions were prepared by mixing different weighted ratios of 

active components. Different formulas were used for electrospinning to test the effect of a 
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indicator performance. All the formulas tested are found in Table 5.1. The electrospun 

membranes were produced with a thickness of 30 µm for colour analysis. 

 

Table 5.1 Electrospinning parameters for the single components analysis. 

Effect Formula  

(TiO2 (g):PEO (g):Glycerol (g):MB) (g) 

TiO2 15:35:1:1 

 10:35:1:1 

 5:35:1:1 

PEO 10:45:1:1 

 10:35:1:1 

 10:25:1:1 

Glycerol 10:35:3:1 

 10:35:2:1 

 10:35:1:1 

MB 10:35:1:3 

 10:35:1:2 

 10:35:1:1 

 

 

5.2.2.4 Scanning electron microscopy (SEM) analysis of electrospun fibers 

Morphology of the fibers were analyzed using SEM. Samples were coated with 

gold (20 nm) with a sputter coater (Model K550; Emitech, Ashford, Kent, England) prior 

to SEM analysis. SEM micrographs were taken by using a model S-570 (Hitachi High 



115 

 

Technologies Corp., Tokyo, Japan) at 10 kV accelerating voltage.  The average diameter 

that was reported in this paper was the average of 100 different fiber measurements. 

 

5.2.2.5 Fourier transform infrared (FTIR) spectroscopy analysis of electrospun 

membrane and cast film  

FTIR spectra were obtained for oxygen indicators prepared from electrospun 

membrane and cast film. A FTIR spectrometer (IR Prestige-21; Shimadzu Corp., Tokyo, 

Japan) equipped with an attenuated total reflection (ATR) accessory (Pike Technologies, 

Madison, WI) was used for the FTIR analysis. Background spectrum was obtained using 

the empty ATR cell. The indicator films were scanned from 400 to 4000 cm
-1

 at 4 cm
-1

 

resolution. Each spectrum represented an average of 40 consecutive scans. 

 

5.2.2.6 Statistical design for the optimization formula 

A four-factor central composite design with uniform precision was used to 

determine the optimal factor combination for the oxygen level indicator. Four 

independent variables, namely the amount of TiO2 (g) (X1), the amount of PEO (g) (X2), 

the amount of MSED (g) (X3), and the amount of methylene blue (g) (X4), were tested. 

Sixteen different factorial treatment combinations, eight different axial point 

combinations and seven replicates for the center point comprised the design. The total 

number of treatment combinations was 31 (Table 5.2). The response variable was the K/S 

value of the indicator at 590 nm wavelength after application of UVA for 30 s.  

Mean comparisons of the average diameter of electrospun fibers (α = 0.05) made 

with different formulas were conducted using SPSS 17 statistical software (SPSS Inc., 
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Chicago, IL, USA). Surface response analysis was conducted with the SAS 9.2  software 

(SAS institute Inc, Cary, NC, USA).  

 

Table 5.2 Central composite uniform precision experimental design with the formulas. 

Run 
Formula 

TiO2 (g) PEO (g) Glycerol (g) MB (g) 

1 7.5 30 1.5 1.5 
2 7.5 30 1.5 2.5 

3 7.5 30 2.5 1.5 
4 7.5 30 2.5 2.5 
5 7.5 40 1.5 1.5 
6 7.5 40 1.5 2.5 
7 7.5 40 2.5 1.5 
8 7.5 40 2.5 2.5 
9 12.5 30 1.5 1.5 

10 12.5 30 1.5 2.5 
11 12.5 30 2.5 1.5 
12 12.5 30 2.5 2.5 
13 12.5 40 1.5 1.5 
14 12.5 40 1.5 2.5 

15 12.5 40 2.5 1.5 
16 12.5 40 2.5 2.5 
17 5 35 2 2 
18 15 35 2 2 
19 10 25 2 2 
20 10 45 2 2 
21 10 35 1 2 

22 10 35 3 2 
23 10 35 2 1 
24 10 35 2 3 
25 10 35 2 2 

26 10 35 2 2 
27 10 35 2 2 
28 10 35 2 2 
29 10 35 2 2 
30 10 35 2 2 
31 10 35 2 2 
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5.2.2.7 Effects of oxygen concentrations and relative humidity (RH) on K/S value 

Colour recovery rate of the indicators was measured under five different blending 

ratios (5/95, 10/90, 20/80, 50/50, and 70/30) of oxygen and nitrogen. The prepared 

indicator membrane (2 cm× 1 cm) was located in a 10 ml quartz gas cell and sealed with 

the relevant gas mixture. The indicator was then irradiated with UVA for 30 s.   The color 

recovery rate of the indicator was measured at every 15 min over a period of one hour. 

The gas mixtures were prepared using a proportional gas mixer (Model 299-016-3; 

Tescom Corp., MPLS, MN). From preliminary experiments, the electrospun indicator 

prepared based on a 10:35:2.7:1.3 ratio of TiO2:PEO:glycerol:MB provided the minimum 

K/S value after irradiation with UVA. Therefore, the indicator prepared from this 

formulation was chosen for further study in this section. 

 To test the effect of RH, the electrospun indicators were conditioned in five 

different RH environments (11, 22, 32, 60, and 75%) for 14 days. The initial colour 

change of the indicator was then  measured for 14 days. The different RH environments 

were prepared using saturated salt solutions according to ASTM E 104-02 (ASTM, 

2007). 

 

5.3 Results and Discussion 

5.3.1 Effect of ethanol on morphology of fibers and sensitivity of the 

oxygen indicator 

The microstructures of the electrospun fibers at different concentrations of ethanol 

are shown in Figure 5.4. As shown, decreasing ethanol concentration decreased the fiber 
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diameter significantly (p<0.05). This is probably due to the increasing electrical 

conductivity of the polymer solution, which produces a higher jet current during 

electrospinning and increases the stretching of the electrospun jet, resulting in thinner 

fibers (Angammana & Jayaram, 2011). As shown in Figure 5.4, fibers produced from 30 

and 50% ethanol were less uniform in morphology with irregular aggregates, while fibers 

produced from 70% ethanol had more uniform fiber morphology and larger diameter. The 

smoother and larger fibers of the latter could be attributed to the lower surface tension for 

the polymer solution as compared to those prepared from 30 and 50% ethanol solvents. 

The surface tension of ethanol is 22 dynes/cm, while for water is 72.8 dynes/cm at 22
o
C 

(Zhujun & Seitz, 1986). The reduced surface tension may have facilitated the dispersion 

of TiO2 in the polymer solution, reducing the tendency for the nanoparticles to aggregate. 

The larger diameter of fibers observed with the 70% aqueous ethanol solution could be 

also related to the reduced electrical conductivity as compared to the 30 and 50% ethanol 

solutions. The conductivity values of 5% PEO solution prepared in aqueous solvents 

comprised of 30, 50 and 70% ethanol were 22.820.04, 13.860.04 and 7.810.03 

µS/cm, respectively. The reduction in electrical conductivity of the solvent will reduce 

the excess charge density on the fiber surface, resulting in a reduce charge repulsion that 

is the main contributor to the stretching of fiber during electrospinning, and hence the 

fiber diameter increased. 

We further evaluated the effect of ethanol concentration on the color recovery rate 

of the indicator after UV activation (Figure 5.5). As indicated by the lowest K/S value 

(0.9) after 30 s of UVA exposure, electrospun membrane prepared from the 70% ethanol 

solution bleached to the lightest coloration, while the indicators prepared from 50 and 
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30% ethanol exhibited significant darker color (K/S = 1.6-1.8). Moreover, the K/S value 

for the 70% ethanol membrane recovered to its original value upon  subsequent exposure 

to oxygen in the air, while those prepared from the 50 and 30% ethanol did not fully 

recover to their initial color. These results indicate that the 70% aqueous ethanol solvent 

provided the greatest change in the K/S value, i.e., the largest color contrast in the oxygen 

indicator, among the three solvents tested.  

 

 

70% ethanol 

 

50% ethanol 

 

30% ethanol 

Figure 5.4  Morphological differences between electrospun fiber oxygen indicator 

produced with different concentrations of ethanol. 
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Figure 5.5  Effect of ethanol concentration on the color recovery of the oxygen indicator 

after irradiated with UVA for 30 s followed by the exposure to the air at 22
o
C. High K/S 

value indicates dark blue coloration while low K/S value pale blue to white color. 

 

The increased oxygen sensitivity for the electrospun membrane prepared from the 70% 

ethanol solvent could be attributed to the more homogeneously dispersed TiO2 particles 

in the electrospun fiber.  In view of these findings, 70% aqueous ethanol solution was 

used for the subsequent studies. 

 

5.3.2 Effect of active components on the sensitivity and reaction 

mechanism of the oxygen indicator 

5.3.2.1 Effects of TiO2 and MB on K/S 

Figure 5.5 shows the effects of TiO2 content on the K/S value and morphology of 

electrospun membranes. The K/S data revealed that the initial and the recovered color for 

the indicator membrane produced with the highest TiO2 content exhibited the lowest K/S 

value (Figure 5.6A), implying that the membrane was more pale in coloration. It is well 
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established that TiO2 is used as a colorant for many applications to provide white tint.  

One of the possible reason for the observed reduced indicator coloration with increasing 

TiO2 content, at least partially, could be attributed to the dilution effect of TiO2 on the 

blue dye and TiO2 particle will scatter light at high concentration, making the fibers more 

opaque. Nevertheless, this cannot be the only reason for the observed different color 

recovery phenomena between samples of different TiO2 contents. As shown, the color 

recovery rate of the indicator also decreased with increasing in TiO2 weight ratio. The 

observation could be explained based on the relative amount of excited electrons 

generated on the TiO2 surfaces after UVA irradiation. As discussed in Section 5.1, in the 

presence of a mild sacrificial electron donor (i.e., glycerol), the excited electrons are 

directed towards reducing the redox-dye (i.e., methylene blue), producing reduced 

methylene blue (MBRd) that is bleached and activated. The MBRd blue is known as leuco-

methylene blue (LMB). It is possible that TiO2, when present at high concentration, 

produced excess free surface electrons that not only reduce the dye initially present to 

MBRd, but also react with newly formed MB from the MBRd oxidation reaction, reverting 

MB back to the reduced state. This reaction might have suppressed the development of 

color of the indicator. If this were true, then one would expect the rate of color recovery 

to depend on the MB available for to react with the electron generated. In another word, 

free surface electrons (ea) to MBOx content ratio could be a factor that dictates the color 

recovery of the indicator; the higher the             ratio, the slower the color recovery 

rate and vice versa. 

Based on the reaction schematic presented in Figure 5.1, it is conceivable that the 

longer the UVA exposure time, the more free electrons would be generated, and 

accordingly, the color recovery rate should increase. To test this hypothesis, the color 
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recovery rate for oxygen indicator (15:35:1:1, TiO2:PEO:glycerol:MB), after irradiation 

with UVA for 5 and 30 s, were investigated. The results are summarized in Figure 5.7.  

As shown, the color recovery rate was faster when the indicator was irradiated for 5 s as 

compared to the sample exposed to 30 s irradiation time. For the latter, the greater amount 

of free electrons generated, due to the longer UVA exposure time, may have suppressed 

the formation of MBox.  

 The reduction reaction of MB can be described using Eq. (5.2), while in the 

presence of oxygen, the oxidation reaction of  MBRd to MBOx  can be written as Eq. (5.3) 

(Lee, Sheridan, & Mills, 2005): 

       
                                (5.2) 

                            (5.3) 

As can be seen in Figure 5.8, initial colour intensity (K/S value) of the indicator 

was enhanced by increasing the MB content. Furthermore, initial colour recovery rate 

(within the first 900 s) was increased. These observations can be explained using the 

color recovery suppression effect of the free surface electrons, as discussed above. 

Increasing MBOx provided a greater “sink” to consume all, if not most of the free 

electrons due to the photo excitation process, preventing the reducing reaction on the 

newly MBOx, allowing the MB color to develop. The above discussions confirmed the 

existence of a negative relationship between the             ratio with the color 

recovery rate of the oxygen indicator.  

In terms of the fiber morphology, as can be seen in Figure 5.6C, formulation with 

low TiO2 weight ratio (5:35:1:1 TiO2:PEO:glycerol:MB) produced fibers that had the  
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Figure 5.6  Effects of TiO2 on K/S values of oxygen indicator upon UVA activation and 

subsequent color recovery when exposured to oxygen in the air. The 

TiO2:PEO:glycerol:MB component ratios are: (A) 15:35:1:1, (B) 10:35:1:1, and (C) 

5:35:1:1. 
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largest diameter (816±77 nm) as compared to those prepared using higher TiO2 

contents. From the conductivity measurement, the conductivity values of PEO solutions 

increased from 7.8 to 19.2 µS/cm as the TiO2 concentration increased from 0 to 30 %.  

Consistent with the discussion presented in Section 5.3.2.1, the observed increase in 

diameter can be explained based on the decreased conductivity of the fiber-forming 

solution, due to the decreased charge density on the fiber surface, which reduced the 

charge repulsion needed to draw the polymer jet. By contrast, within the concentration 

range tested, MB did not affect significantly the diameter of the electrospun fibers 

(P>0.05; Figure 5.8). 

 

 
 

Figure 5.7  Effect of irradiation time on the color recovery rate of the indicator made with 

the formula of 15:35:1:1(TiO2,PEO,MB,Glycerol). The irradiation for 5 S and 30 s are 

presented. 
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Figure 5.8  Effects of MB content on K/S values of oxygen indicator upon UVA 

activation and subsequent color recovery when exposured to oxygen in the air. The 

TiO2:PEO:glycerol:MB component ratios are: (A) 10:35:1:3, (B) 10:35:1:2, and (C) 

10:35:1:1. 
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5.3.2.2 Effect of glycerol on the performance of the indicator 

As discussed in Section 5.1, glycerol was added to the formulation in order to 

prevent the recombination of electrons with the photogenerated holes and stabilize the 

accumulated electrons in the conduction band of TiO2. Eq. (5.4) describes the oxidation 

of glycerol by the photogenerated holes (h
+
) of TiO2, producing glyceraldehyde (Lee, 

Sheridan & Mills (2005) :  

                                       (5.4)  

Based on this mechanism, it can be seen that if the amount of glycerol provided is 

not adequate to fill the photogenerated holes, the reduction reaction of MB will be 

incomplete since the excited electrons will recombine with the photogenerated holes, 

rather than reacting with the redox dye. Accordingly, one would expect incomplete 

bleaching of MB when a limited amount of glycerol is present, i.e., the K/S value of the 

indicator will not reach its minimum value after irradiation with UVA. This effect is 

confirmed by the data in Figure 5.9, showing that an increasing glycerol content resulted 

in the lowest K/S value after irradiation with UVA. The minimum K/S values observed 

were 0.88±0.03 and 0.25±0.01 for the formulas 10:35:1:1 and 10:35:2:1 

(TiO2:PEO:glycerol:MB), respectively. This observed minimum K/S values were 

significantly different (P<0.05). An optimal color indicator should provide adequate color 

contrast to allow visual assessment of various oxygen levels. In order to obtain a drastic 

change in color after  exposure to the oxygen analyte, the indicator should be as pale as 

possible (i.e., minimize K/S value) after activating with UVA irradiation. To achieve this 

desirable effect,  an optimal glycerol concentration  must be present to provide an 
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Figure 5.9   Effects of glycerol content on K/S values of oxygen indicator upon UVA 

activation and subsequent color recovery when exposed to oxygen in the air. The 

TiO2:PEO:glycerol:MB component ratios are: (A) 10:35:3:1, (B) 10:35:2:1, and (C) 

10:35:1:1. 
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adequate amount of electrons to fill the photogenerated holes on the semiconductor’s 

surfaces, in order to fully bleach the redox dye. Conversely, if the amount of glycerol is 

sufficient to fill all the photogenerated holes, the incorporation of excess glycerol would 

not increase the indicator’s performance.  

 The addition of glycerol is also expected to affect the electrospinning of the fiber 

forming solution. Electrical conductivity results show that increasing glycerol content 

from 0  to 33 % resulted in significant reduction of the electrical conductivity of the 5% 

PEO solutions, from 7.83±0.03 to 3.84±0.02  µS/cm. The significant increase in fiber 

diameter as glycerol content increased can be explained by the decreased conductivity 

that reduced fiber stretching.  Increasing glycerol content will also increase the non-

volatile component in the fiber and elevate the viscosity of the polymer solution, both of 

these factors could also contribute to the observed increase in fiber diameter as the 

glycerol content increased. 

 

5.3.3.4 Effect of PEO concentration 

In this study, the primary function of PEO is to serve as a carrier material to 

encapsulate all active components for the oxygen indicator system. However, it has other 

important role besides acting just as a carrier. Depending on the concentration of PEO 

used, the morphology of the resulting fibers will alter, which could affect the activation 

step of the indicator. As shown in Figure 5.9A, thick fibers with a diameter of 1055±138 

nm were produced when the PEO of the highest weight ratio was used (10:45:1:1 

TiO2:PEO:glycerol:MB). The resulting indicator’s sensitivity to UVA was not 

satisfactory, as reflected by the small change in K/S value upon UVA irradiation. This is 

probably due to the lower surface to volume ratio of the fiber, limiting the exposure of  
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Figure 5.10  Effect of PEO content on K/S values as a function of time when the indicator 

was exposed to oxygen in the air. The TiO2:PEO:glycerol:MB component ratios are: (A) 

10:45:1:1, (B) 10:35:1:1, and (C) 10:25:1:1. 
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TiO2 to the UV radiation.  On the other hand, fibers produced from the solution with the 

lowest weighted ratio of PEO (10:25:1:1 TiO2:PEO:glycerol:MB) had the smallest 

diameter (375±51 nm). Due to the lower fiber diameter, the sensitivity to UVA increased. 

These results also suggest that the penetration of the UV electromagnetic radiation is 

limited in PEO polymer; otherwise, the activation of TiO2 and hence reduction reaction of 

MB would proceed in a similar manner for all fibers tested. On the basis of this 

observation, it seems critical that fiber diameter has significant influence on the activation 

step of the indicator. 

 

5.3.3 Comparison study between indicator made with electrospinning 

and casting  

Oxygen indicators prepared by the electrospinning method required about 5 s UVA 

exposure time to bleach, while those prepare from casting needed about 30 s to achieve 

the similar K/S value difference between  MBox and MBRd. Although the cast indicators 

exhibited faster color recovery rate (~900 and ~1800 s to recover 80% of the maximum 

K/S value, respectively) than the electrospun membranes (Table 5.3), the poor color 

contrast for the cast film indicator suggested that it is an inferior carrier compared to the 

electrospun membrane. The observed different indicator behaviours can be attributed to 

the different morphologies of the indicators produced using electrospinning and casting 

methods (Figure 5.11). As shown, the cast film was more compact  in morphology, 

whereas the electrospun membrane was structurally more open. The available exposure 

sites to the UVA were limited in the cast film due to its lower surface area as compared to 

the electrospun membrane. This effect might have reduced the amount of excited 
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electrons required for the redox dye activation reaction. Another possible reason for the 

enhanced sensitivity of the electrospun indicator is that the electrospinning process 

involved high shear that might have facilitated the dispersion of the TiO2 nanoparticles in 

the direction of flight trajectory. The rapid evaporation of solvent rapidly immobilized the 

TiO2 within the PEO fiber matrix, preventing the nanoparticles from agglomerating. The 

dispersion of TiO2 created a larger surface, which allows the generation of more excited 

free electrons needed in the activation reaction of the dye. By contrast, during the film 

casting process, the evaporation of solvent was relatively slow. The lack of shear and 

surface tension effect of the solvent might have induced the aggregation of TiO2 particles 

during drying. The clumpy features on the micrograph for the cast film indicator may be 

indicative of the formation of the TiO2 aggregates. 

 

Table 5.3 Color recovery time of indicators in the air after irradiation with UVA for 30 s. 

Indicators were prepared using casting or electrospinning with different formulations.  

    80% Recovery time (s) 

Main effects 

Weight fraction 

TiO2:PEO:glycerol:MB Electrospining Casting 

TiO2 5:35:1:1 1800 no response to UV for 30 s 

  10:35:1:1 1800 900 

  15:35:1:1 >3600 900 

Glycerol 10:35:1:1 1800 900 

  10:35:2:1 1800 900 

  10:35:3:1 1800 no response to UV for 30 s 

MB 10:35:1:1 1800 900 

  10:35:1:2 900 no response to UV for 30 s 

  10:35:1:3 900 no response to UV for 30 s 

PEO 10:35:1:1 1800 900 

  10:45:1:1 900 no response to UV for 30 s 

  10:25:1:1 1800 900 
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Figure 5.11 Comparison of morphology of the indicators made by casting and 

electrospinning. The formula used for this comparison was 10:35:2:1. 

 

5.3.4 FTIR study between indicators made by casting and 

electrospinning 

In order to elucidate the nature of the molecular interactions between PEO, 

glycerol, and methylene blue in the UV-activated oxygen indicator system, FTIR 

spectroscopy was employed to analyse the IR-active vibrational groups for these 

components. The vibration band of C-O-C group in PEO in electrospun membrane (1097 

cm
-1

) and casted membrane (1098 cm
-1

)  both shifted to the higher frequency as compared 

to pure PEO (1092 cm
-1

) (Colthup, 1950). The shifting of the C-O-C peak to the higher 

wavenumber implies that the mobility of PEO molecules, in the presence of the active 

components, has increased. PEO is a crystalline polymer. The added components might 

have reduced the crystallinity of the polymer by disrupting the intermolecular interaction 

between PEO molecules and chain packing within the PEO crystal (Averous, Moro, Dole, 

& Fringant, 2000). Moreover, the formation of hydrogen bonds between PEO with 
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glycerol, and between PEO and water can also reduce the crystallinity of the polymer 

(Figure 5.12). 

The intermolecular interaction between PEO and glycerol was evident from the 

changes in the O-H stretching vibration band (3500-3200 cm
-1

) (Colthup, 1950; Nada, El-

Sakhawy, & Kamel, 1998), and the C-OH stretching vibration band in glycerol (1200-

1000 cm
-1

) (Colthup, 1950), and in the C-O-C stretching vibration band in the PEO. As 

seen in Figure 5.12, the O-H stretch region of pure glycerol (3292 cm
-1

) was shifted to the 

higher frequency in the casted films (3323 cm
-1

) and in the electrospun membrane (3355 

cm
-1

). Similarly, the C-OH stretching band at 1031 cm
-1

 for the primary OH groups in 

pure glycerol shifted to 1041 cm
-1

 for both electrospun fibers and cast film. These results 

indicate that the intermolecular H bonds at these positions in pure glycerol (glycerol-

glycerol) were stronger as compared with the casted film and electrospun membrane. The 

higher vibration frequency of the O-H of glycerol in the electrospun membrane compared 

to the cast film indicated that the average hydrogen bonds of glycerol in the fiber matrix 

were weaker than those present in the film matrix, possibly due to the disruption of the 

glycerol-glycerol interaction resulted from the high shear dispersion during 

electrospining. The reduced aggregation of glycerol molecules might have helped 

increase the sensitivity of the indicator through enhanced mixing and contact with TiO2 in 

the electrospun membrane carrier. 

It is noteworthy that the C-OH stretching band for the secondary OH group in pure 

glycerol (1110 cm
-1

) exhibited higher vibration frequency compared to the electrospun 

fibers (1106 cm
-1

) and cast membranes (1107 cm
-1

). This trend is opposite of that 

observed for the C-OH stretching for the primary OH group in the glycerol discussed in 

the preceding paragraph. This trend suggested that the hydrogen bonds at the secondary 
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OH position of the glycerol were weaker in pure glycerol than those existed in the 

electrospun fibers and cast membranes.  

Water molecules exhibit a H-O-H bending vibration at 1647 cm
-1

 and neat H-O-H 

bonding at 2130 cm
-1 

(Gao, Stading, Wellner, Parker, Noel, Mills, & Belton, 2006). Since 

these bands are absent on the IR spectra, the samples were relatively free of water and 

therefore, we can neglect the H bonds between water molecules with other components. 

After UVA irradiation, the observed molecular differences can be explained with the peak 

located at 1727 cm
-1

, which is the characteristic band of carbonyl stretching C=O for 

aldehydes (Khalique Ahmed, Choma, & Wong, 1992). In the UV-activated oxygen 

indicator reaction acting as a sacrificial electron donor, glycerol undergoes oxidation 

during UV irradiation (Figure 5.13). This C=O stretching vibration region was not 

observed in the casted membrane after activation with UVA. This can be attributed to the 

lower sensitivity of the casted membrane when it was irradiated with UVA for 30 s. The 

aromatic ring vibration can be observed at 1601 cm
-1

 in electrospun membranes and 

casted membranes (Saez & Corn, 1993; Somani, Marimuthu, Viswanath, & 

Radhakrishnan, 2003). However, after activating these membranes, the reduction process 

of MB was  difficult to detect with the FTIR since the total concentration of the MB was 

low in the formulation. The indirect evidence of the reduction reaction of MB can be 

obtained from the C=O stretching vibration band in glycerol when it undergoes oxidation 

as observed in Figure 5.13. The vibration band of C-O-C in PEO was shifted from 1097 

cm
-1

 to 1099 cm
-1

 in electrospun membrane after irradiation with UVA. This shifting is 

attributed to the disruption of weak H bonds between glycerol and PEO due to oxidation 

of glycerol by photogenerated holes in TiO2 after irradiated  with UVA (Figure 5.13). 
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Figure 5.12  Schematic structure of interaction between PEO and glycerol, showing molecular interaction difference between 

electrospun and casted membrane before activation with UVA. The formula used was 10:35:2.7:1.3 (TiO2:PEO:glycero:MB). The 

experiment conducted at 22°C. 
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Figure 5.13  Schematic illustration of oxidation of glycerol and excitation of TiO2 . The formula used was 10:35:2.7:1.3 

(TiO2:PEO:glycero:MB). The experiment conducted at 22°C. 
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5.3.5 Optimization of the chemical formula based on a surface response 

design  

Optimization was carried out in order to minimize the K/S value that was obtained 

after irradiation of the indicator with UVA radiation. The importance of minimizing the 

K/S value can be explained with the results obtained for the effect analysis of active 

components in section 5.3.1. It showed the importance of              in the electrospun 

membrane to obtain the indicator that has the optimum color difference between the 

oxidized and reduced state. Therefore, the minimization of the K/S value was conducted 

to optimize the              in the electrospun membrane, which provides the optimum 

color difference between the oxidized and reduced state of the indicator. 

In this analysis, the experimental data were fitted to a second order polynomial 

model: 

 

           
 
          

 
     

        
 
            (5.4) 

 

where    is the regression coefficient for the intercept,    is the regression coefficient for 

the linear terms, and     is the regression coefficient for the quadratic terms,     is the 

regression coefficient for the interaction terms.    and    are the independent variables. 

And    is the response variable. Analysis of variance (ANOVA) showed that both linear 

and the  cross product  models were significant (P<0.05) (see appendix Table 8.5). The 

coefficient of determination (R
2
) of the predicted model was 0.80. The predicted model is 

given  in Eq. (5.5).  
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               (5.5) 

 

where X1, X2, X3, X4 are fraction of TiO2, PEO, glycerol, and MB respectively. 

 The significant (P<0.05) cross product interaction was observed for the 

(glycerol*MB). This indicates that the importance of glycerol in the formulation to avoid 

the recombination of electrons with photogenerated holes as discussed in section 5.3.3.1. 

Furthermore, it confirmed that the reduction reaction of MB is impossible when the 

formulation comprised only TiO2 and MB. 

The relationship between K/S value and the independent variables (MB, TiO2, PEO 

and glycerol) can be shown in two dimensional contour (2D) plots or three dimensional 

(3D) surface plots. Figure 5.14 shows the contour plots obtained by changing the TiO2 

and PEO at a fixed levels of X3 (glycerol) and X4 (MB). As can be seen in Figure 5.14, 

the fraction of TiO2 required to achieve the minimum K/S value (when X3 = 3) was 

increased with increasing MB fraction in the formulation at a fixed glycerol content 

(when X3 = 1). More electrons are required to reduce the MB when the MB fraction 

increased in the formulation,  the contour plot clearly showed a rising ridge at the ratio of 

X3:X4 (1:3). Increasing the glycerol fraction in the formulation at constant MB (when 3:1 

(X3:X4)) decreased the TiO2 fraction required to reduce the  K/S value (Figure 5.14). This 

may be attributed to the prevention of recombination of electrons with the presence of 

glycerol. A similar phenomenon was observed in Figure 5.15, which illustrates the  effect 

of TiO2 and glycerol on K/S value in 2D contours at constant PEO and MB 

concentrations. At constant PEO (X1=25), increasing the MB (X4) fraction from 1 to 3 
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clearly exhibited the  higher requirement of the glycerol fraction to minimize the K/S 

value. However, increasing the TiO2 fraction  reduced the requirement of the glycerol 

fraction in the formulation to achieve a minimum K/S values at fixed ratio of 25:3 

(X2:X4).  This indicated that increasing glycerol alone was not enough to reduce the K/S 

value when the formula contains a higher level of the MB fraction. It is apparent from 

Figure 5.15 that both TiO2 and glycerol were required to reduce the K/S value. 

 The TiO2 and PEO effect was significant (P< 0.05) according to the effect analysis.  

This indicates that the reduction of agglomeration and proper dispersion of TiO2 in the 

fiber matrix are beneficial for reducing  the TiO2 fraction in the formulation. The proper 

ratio of TiO2 and polymer is needed to produce fibers without agglomeration. The fibers 

which are free of agglomeration more efficiently reduce the K/S value (see appendix 

Figure 8.7). 

The K/S value is mainly dependent on the MB fraction, which exhibited a strong 

effect on  K/S;  hence, it is the most important component in the color change (K/S) of the 

indicator.   
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Figure 5.14  Two dimensional contour matrix for the change of K/S values with TiO2 and 

PEO at fixed glycerol (X3):MB (X4) weight ratios. Y1 is the response variable that is K/S 

value after irradiation of  the indicator with UVA for 30 s at 590 nm. 
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Figure 5.15  Two dimensional contour matrix for the change of K/S values with glycerol 

and TiO2 at fixed PEO (X2):MB (X4) weight ratios. Y1 is the response variable that is K/S 

value after irradiation of indicator with UVA for 30 s at 590 nm. 
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Figure 5.16  Two dimensional contour matrix for the change of K/S values with MB and 

TiO2 at fixed PEO (X2):MB (X4) weight ratios. Y1 is the response variable that is K/S 

value after irradiation of indicator with UVA for 30 s at 590 nm. 

 

This is confirmed with the contour  data obtained from Figure 5.16 at the ratio of 35:3 

(X2:X3) (PEO:glycerol). The effect of TiO2 on K/S was not significant but it was 

dependent strongly on the MB fraction when it exceeds one. This can further be verified 

with the data obtained at 45:1 (X2:X3) (PEO:glyceol) in Figure 5.16. The K/S value was 
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minimally affected by the TiO2  fraction while strongly correlating with the MB fraction. 

These results indicated  that it is essential to properly manage the ratio of MB : glycerol 

to obtain the minimum K/S value. 

 According to the overall response analysis results, the stationary point, which is 

the point at which the derivative of the response with respect to the independent variable 

is zero, was a saddle point. This  stationary point was calculated based on the canonical 

analysis. The minimum response was calculated based on the ridge analysis as shown in 

Table 5.4. 

 

Table 5.4  Ridge analysis data for the  response variable of K/S value.                                                                                       

                     Predicted    Dependent Type of                                                                                                                                           

      Radius    Response    variable      ridge          TiO2        PEO          Glycerol    MB                                                                                                

        0.0      1.26913             Y1        minimum    10.0000    35.0000     2.00000    2.00000                                                                                              

        0.1      1.13343             Y1        minimum    10.0155    35.0023     2.03232    1.90667                                                                                              

        0.2      1.01387             Y1        minimum    10.0314    35.0027     2.08644    1.82242                                                                                              

        0.3      0.90459             Y1        minimum    10.0452    35.0007     2.15398    1.74654                                                                                              

        0.4      0.80211             Y1        minimum    10.0554    34.9961     2.22893    1.67672                                                                                              

        0.5      0.70449             Y1        minimum    10.0610    34.9887     2.30800    1.61105                                                                                              

        0.6      0.61055             Y1        minimum    10.0616    34.9785     2.38946    1.54827                                                                                              

        0.7      0.51951             Y1        minimum    10.0569    34.9656     2.47227    1.48761                                                                                              

        0.8      0.43080             Y1        minimum    10.0465    34.9501     2.55578    1.42864                                                                                              

        0.9      0.34397             Y1        minimum    10.0305    34.9321     2.63948    1.37109                                                                                              

        1.0      0.25864             Y1        minimum    10.0087    34.9118     2.72299    1.31484                                                                                              

        0.0      1.26913             Y1        maximum   10.0000    35.0000     2.00000    2.00000                                                                                              

        0.1      1.42895             Y1        maximum     9.9876    34.9967     1.99389     2.09899                                                                                              

        0.2      1.62046             Y1        maximum     9.9791    34.9933     2.00930     2.19857                                                                                              

        0.3      1.84873             Y1        maximum     9.9735    34.9901     2.03827     2.29620                                                                                              

        0.4      2.11660             Y1        maximum     9.9700    34.9871     2.07511     2.39152                                                                                              

        0.5      2.42560             Y1        maximum     9.9677    34.9843     2.11659     2.48489                                                                                              

        0.6      2.77658             Y1        maximum     9.9664    34.9816     2.16095     2.57674                                                                                              

        0.7      3.17004             Y1        maximum     9.9656    34.9790     2.20719     2.66742                                                                                              

        0.8      3.60630             Y1        maximum     9.9652    34.9765     2.25473     2.75720                                                                                              

        0.9      4.08557             Y1        maximum     9.9652    34.9741     2.30318     2.84628                                                                                              

        1.0      4.60797             Y1        maximum     9.9654    34.9717     2.35231     2.93481                                                                                              
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According to the ridge analysis data, the minimum response was observed at 

10:35:2.7:1.3 (TiO2:PEO:glycerol:MB). This optimized formula was used for the oxygen 

detection analysis. 

 

5.3.6 Oxygen detection characteristics of the indicator made by 

electrospinning 

The investigation of indicator color response to different levels of oxygen is 

important to elucidate its efficacy for the detection of oxygen in package headspace.  

Rapid changes in color will allow quick detection of leaks present in the package, which 

may be advantageous during quality control for early detection of compromised 

packages. Moreover, in order to provide discernible color contrast to the eye, the 

indicator must exhibit adequate changes in K/S value upon the exposure to oxygen.  

The kinetics of the MBRd oxidation reaction at different O2 concentration is 

illustrated in Figure 5.17. As shown, the initial recovery rate (initial 15 min of color 

recovery) of the color increased considerably as oxygen concentration increased from 5% 

to 95%, indicating that the indicator responded quicker when the oxygen concentration is 

higher. At 95% oxygen concentration, the indicator restored its initial color in 15 minutes. 

In comparison, at 50% oxygen concentration, the indicator regained 90% of its color 

within 60 minutes. Below this oxygen concentration, the color recovery rates were slower 

and the indicators did not fully recover within 60 minutes.  

 Lee, Sheridan & Mills (2005) reported an oxygen indicator system based on TiO2, 

MB, and triethanolamine encapsulated in hydroxyethyl cellulose cast film. In their study, 

they investigated the color recovery rate of the indicator under different oxygen 
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concentrations (5, 10, 21, 60, 100%). Similar to our study, these researchers also observed 

that the initial color recovery rate of their cast indicator was directly proportional to 

oxygen concentration. However, their cast film indicator system exhibited faster recovery 

rates as compared to our electrospun barrier. For instance, at 20-21% oxygen 

concentration, the initial recovery rates were 0.027 and 0.037 min
-1 

for the present and 

their studies, respectively. The different recovery rates observed can be attributed to at 

least two reasons: First, the indicator in the present study was tested within a closed 10 ml 

quartz gas cell; therefore, there was a limited supply of oxygen in the test gas 

environment. In contrast, in  Lee et al. study, the indicator was exposed to a continuous 

flow of oxygen, resulting in a higher rate of color recovery. Second,  as reported in the 

section 5.3.3.1, color recovery kinetics were dependent on the available free electrons. It 

is speculated that for indicators that were prepared from the electrospun fibrous 

membrane, the larger surface area to volume ratio resulted in a greater amount of free 

electrons than the cast film counterpart. This effect decreased the color recovery rate for 

the electrospun membrane indicator.  

In another study, a TiO2-based oxygen indicator was developed consisting of MB 

ion paired with dodecyl sulphate (MB-DS), glycerol and anatase TiO2 (P25, Degussa, 

Frankfurt, Germany ) in zein films. Another indicator was prepared based on the same 

composition, but with rutile TiO2 (Aldrich) (Mills & Hazafy; 2007). The researchers 

reported faster UVA activation  when applied irradiation was 0.05 mW cm
-2

 for 

indicators prepared from the anatase (3.5 min) as compared to those prepared from the 

rutile (15 min) counterpart. They observed that the color recovery rate was around 0.4 s
-1

 

for the rutile-based indicator, while that based on anatase was 0.13 s
-1

 at 100% oxygen.  

The reason for the observed different recovery rate was not clear, but based on our 
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results, the phenomenon may be explained by the higher amount of free electrons 

generated after irradiation with UVA in films made by anatase TiO2. The anatase crystal 

structure possess a higher reflectivity for the UVA spectrum than rutile. Therefore, 

anatase is a stronger photosensitizer compared to rutile (Chen, Wang, Liao, Mai, & 

Zhang, 2007). Consequently, the higher amount of free surface electrons in anatase 

resulted in a slower color recovery rate.  

 
Figure 5.17 Variation of normalized K/S value  from activation with UVA to recovery for 

60 minutes under different oxygen concentrations (5 - 95 %).  Indicator was UVA 

irradiated for 30 s. The formula used for this analysis was (10:35:2.7:1.3) 

(TiO2:PEO:glycerol:MB). All the experiments were conducted under closed quarts gas 

cell (10 ml) at 22°C. 

 

The kinetics of MBRd oxidation under the tested experimental condition was 

investigated. The reaction rate (R) for the oxidation of MBRd can be written using initial 

rate law as: 
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   mn

Rd

Rd OMBkR
dt

MBd
2       (5.5) 

where R is the reaction rate (mol/L.s), RdMB  is the concentration of MBRd (mol/L), [O2] is 

O2 concentration (mol/L), k is the rate constant (unit for second order reaction is L/mol.s), 

and m and n are order of the reaction. 

The order (n) of the reaction with respect to [MBRd] was calculated by using Eq. (5.6). 

   
  

    
     

       

         
       (5.6) 

 where           

The order (m) of the reaction with respect to [O2] was calculated by using Eq. (5.7) 

   
  

    
     

     

       
         (5.7) 

The calculated order (n) with respect to [MBRd] at different concentration of O2 is given 

in Table 5.5. The calculated orders at different reaction rates ranged from 0.83 to 1.15. 

These values are close to one, confirming the existence of  a first-order reaction with 

respect to O2 concentration. The RdMB  concentration was calculated by assuming all the 

MB converts to its reduced state after irradiation with UVA for 30 s. 

 

Table 5.5 Calculated reaction rates and the reaction order with respect to O2 concentration 

at constant MB concentration (2.33x10
-06

mol/L). 

[O2] Rate (R) (mol/L.s) R(i)/R(i+1) [O2(i)]/[O2(i+1)] Order (n) [O2] 

0.002080 -2.75x10
-10 0.54 0.69 0.78 

0.004159 -4.71x10
-10 0.71 0.69 1.03 

0.008319 -9.59x10
-10 1.15 0.92 1.26 

0.020797 -3.03x10
-9 0.55 0.64 0.86 

0.039514 -5.25x10
-9       

 

Details on the calculation of reaction order of the O2 in oxidation of RdMB  is given in 

Table 5.6.  
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Table 5.6 Calculated reaction rates and the reaction order with respect to MBRd 

concentration at constant O2 concentration (0.008319 mol/L). 

[MBRd] 
Rate (R) 

(mol/L.s) 
R(i)/R(i+1) [MBRd(i)]/[MBRd(i+1)] 

Order (m) 

[MBRd] 

1.01E-06 -5.46x10
-10 1.55 1.35 1.15 

1.36E-06 -8.47x10
-10 1.21 1.35 0.89 

1.83E-06 -1.02x10
-09 1.00 1.14 0.88 

2.09E-06 -1.03x10
-09 0.93 1.12 0.83 

2.34E-06 -9.59x10
-10       

 

 

Figure 5.18   Variation of reaction rate  and the product of [ RdMB ] and [O2] during 

oxidation of RdMB .
 

 

According to the calculated order of the reactions, both the n and m values were 

approximately equal to one.  The overall order of the reaction is the sum of the two orders 

m and n (House, 1996). Therefore, the overall RdMB  oxidation reaction was a second 

order reaction under the tested conditions. The rate constant for the reaction can be 

calculated based on the slope of the graph shown in Figure 5.18. The rate constant 

obtained for this reaction is -0.0572 L/mol.s. This k value can be used to calculate the O2 
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concentration according to the rate of change of K/S value or [ RdMB ]. The k value 

reported was derived under the tested experimental conditions.  

 

5.3.7 Effect of RH on the indicator initial color 

 RH effect on the initial color stability of the indicator was investigated. RH  

apparently affects the reduction reaction of MB as mentioned in section 5.3.3.1, because 

H
+
 ions are involved in the reaction. Glycerol or moisture provides the H

+
 ions to enable 

the reduction reaction of MB. All the components that were used to developed the 

indicator have affinity to water. This hydrophilic nature of the components presumably 

increased the reaction rate in the presence of moisture due to the increase of mobility of 

the reactants. Based on this theoretical background, it can be hypothesized that RH will 

affect the color recovery rate of the indicator.  

 The indicators were conditioned under different RH conditions (11, 22, 32, 60, 

and 75%) for 14 days to characterize the effect of RH on the initial color of this indicator. 

Figure 5.19 shows the RH effect on indicator containing TiO2 for 14 days.  The color of 

the indicator did not change significantly under 11, 23, 32, and 60% RH conditions within 

the 14 days time period. However, when exposed to >60% RH conditions, the K/S value 

increased considerably, indicating the indicator color had darkened significantly (p<0.05). 

These results show that the RH can affect the color of the indicator. This is probably due 

to the fact that PEO is hydrophilic, and its moisture content will increase with increasing 

humidity. The sorption of moisture by the polymer might have increased the mobility of 

methylene blue, increasing the solubility of the dye in the fiber matrix, thereby enhancing 

the K/S value (i.e., blue colour) of the indicator. However, the observation that the 
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indicator’s color remained fairly constant over the 14 days period at each RH condition 

indicates that the color of the indicator can be stabilized as long as the RH condition is 

fixed. This finding suggests that further research to investigate the use of hydrophobic 

carrier polymers would be necessary to understand the reaction mechanism under 

different RH conditions. Dispersion of the hydrophilic glycerol and methylene blue in the 

fiber-forming solution is expected to be challenging. The use of emulsification techniques 

to produce a water-in-oil emulsion may be needed.  Future investigations are needed to 

understand the RH effect on the color recovery rate of this indicator and development of 

water insoluble form of the indicator system. 

 When using this indicator in a food package, the RH of the headspace can be 

controlled by enclosing the indicator in a material that is water impermeable and oxygen 

permeable.  This strategy can minimize the potential problems cause due to RH 

sensitivity of the indicator. 
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Figure 5.19  The K/S value verses time profile for the indicator.  The formula of the 

indicator used was 10:35:2.7:1.3 (TiO2:PEO:glycerol:MB). The experiment was 

conducted at 25°C. 

 

 

5.4 Conclusions 

A UV-activated oxygen indicator based on electrospun PEO and TiO2 fiber was 

developed with improved sensitivity characteristics. The sensitivity of the indicator to 

UVA radiation was enhanced by increasing the ethanol concentration in the solvent. 

Depending on the active component composition of the indicator, the photo-bleaching 

step (reduction step of MB) or colour recovery rate of the indicator can be altered 

positively or negatively. The ratio of surface electrons to MB content played an important 

role not only in the UV activation step but also in the color recovery step of the indicator.   

The colour recovery rate of the indicator can be controlled by varying the UVA 

irradiation time. A comparison study between casted and electrospun indicators clearly 

showed that the performance of the indicator can be enhanced with the electrospun fibers, 
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since electrospun fibers have a higher surface to volume ratio which can enhance the 

electron generating characteristics due to the fibrous morphology. With the use of this 

electrospinning technique, an oxygen indicator can be developed with minimum use of 

material, because of the effective dispersion characteristics and restriction of self 

aggregation of active components. The difference in colour recovery rate at different 

levels of oxygen indicates the ability of this indicator to be used under various headspace 

oxygen environments in a package. The color of the indicator is fairly stable up to about 

60% RH, above which a substantial increase in K/S was observed, indicating that the 

indicator will not be suitable for oxygen detection of headspace air of which the RH 

exceeds 60% RH. 

 The improved sensitivity characteristics of the indicator by electrospinning will be 

of great value in detecting compromised packages during handling and transportation of 

MAP food products. This indicator can be used in intelligent and MAP systems to obtain 

a better packages that provide optimal condition in terms of quality and safety. This 

indicator can be incorporated into the package in a number of different ways. One 

approach is to activate the indicator prior to attaching it to the package material, followed 

by rapidly sealing with the food product. Another possibility is to enclose the indicator 

within a small sachet fabricated from a material that is transparent to UVA, allowing in 

situ activation of the indicator when it is enclosed within a UV-transparent package or a 

package equipped with window that exposed the sachet. 
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CHAPTER 6: CONCLUSIONS  AND  RECOMMENDATIONS 

6.1 Conclusions 

 In the first part of this study, heat sealing parameters in the presence of liquid at 

the LLDPE film-film interface were investigated. Depending on the heat sealing pressure, 

dwell time, and jaw temperature, the magnitude of ultimate heat seal strength varied. The 

entrapment of liquid at the film-film interface due to unwanted contamination of the 

polymer film during heat sealing is influenced by the contact angle of the liquid with the 

LLDPE film and the applied pressure. The effect of liquid on heat seal strength depends 

not only on the contact angle, but also the thermophysical properties and miscibility with 

the molten polymer. The significant decrease of heat seal strength with vegetable oil 

contaminated films at elevated jaw temperature (180°C) with long dwell time (1.5 s) 

indicates the miscibility of molten polymer with vegetable oil likely decreased the 

entanglement density in the sealing area, resulting in weaker seals.  A significant decrease 

in heat seal strength with water contaminated films elucidated the heat sink effect of 

water at the film-film interface, which hampered the melting process of the polymer 

during heat sealing. 

 The jaw configuration in the heat sealing machine is also an important parameter 

that can alter the amount of entrapped liquid and its effect on heat seal strength. 

Therefore, the modification of the jaw contact surface area can reduce the heat sink effect 

of the liquid depending on the contact angle. However, the application of proper 

combinations of heat sealing process parameters can minimize the adverse effect of liquid 

contaminants on heat seal strength, for instance, the combination of high jaw temperature 

(180°C) and short dwell (0.3 s) time gave the best results for the type 1 jaw with oil-
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contaminated films. The first part of thesis has contributed to increasing the 

understanding of process variables in heat sealing, which is useful to obtain seals with 

optimum seal strength.  From the overall understanding from this part, the general 

conclusion can be drawn that an unintentional contamination of liquid should be avoided 

during heat sealing, and the proper combination of processing parameters are necessary to 

avoid the unfavourable effects of liquids on heat seal strength. 

 In the second section, FEA models were developed to predict the transient 

interface temperature at the LLDPE film-film interface. The heat transfer at the film-film 

interface boundary was affected by the contaminant liquid, thereby reducing the interface 

temperature. The average temperature drop was 4°C in the presence of water at the film-

film interface for the 2 s dwell time compared with the clean seals.  This explains the heat 

sink effect of the water during heat sealing. From this finding, we can confirm the validity 

of the hypothesis stated. Different TCR values obtained for water and clean seals showed 

that the resistance to heat flow at the film-film interface is affected by the type of liquid 

present at that boundary. The thermal conductivity and diffusion of the interstitial liquids 

filling  micro gaps influence heat transfer behaviour during heat sealing, as indicated by 

lower TCR values for water contaminated films compared with clean seals. The 

developed predictive models showed close agreement between predicted and observed 

transient interface temperatures with RMSE ranges of 1.6 to 2.5°C. This model was 

successfully applied to predict the interface temperature for milk contaminated films, as 

the observed RMSE was 3.1°C. Therefore, this modeling approach is a useful tool which 

can be utilized to analyze the effect of liquid at the film-film interface on the heat transfer 

process.  This model is also important to understand the empirical behaviour of the heat 

transfer process in the presence of different fluids environments during heat sealing. This 
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provided a fundamental understanding of the heat transfer process, which can apply to 

solve the current industrial problems.  

 In the third section of this study, the photoactivated oxygen indicator, based on 

electrospun poly(ethylene oxide) fibers and TiO2 nanoparticles, was developed to monitor 

the oxygen level inside flexible packages. A great improvement in the photoactivation 

step of the indicator was achieved with the use of electrospun fibers. The comparison 

study of the electrospun versus cast membrane showed a reduction of UVA exposure time 

for photoactivation of 4 to 5 times with the developed electrospun membrane. This 

improvement is potentially attributed to the increased number of available electrons to 

methylene blue redox dye in the electrospun indicator.  The improvement can be 

explained by the morphological difference between the indicators, since the higher 

surface to volume ratio achieved with the electrospun fibres accelerated the color 

activation step. The differences between the active components in electrospun membranes 

and cast films were investigated using FTIR to elucidate the molecular interactions 

among the active components of the indicators. The study of the reaction mechanism of 

the indicator showed that color recovery rate was affected negatively by the ratio of 

electrons to redox dye. This finding is useful in controlling the color of the indicator 

under different oxygen levels for fixed time lengths. In conclusion, this indicator is a 

useful tool for monitoring the package integrity in MAP applications and can be used to 

identify compromised packages throughout the food distribution channel. 

 

 

 

 



156 

 

6.2 Future Recommendations 

Based on the findings of this thesis research, a number of future studies are identified as 

follows: 

(1) In depth study on the effect of contact angle and jaw configuration on the removal of 

liquid present in the sealing areas - The sealing area of the both upper and lower jaws can 

be modified into different shapes which would facilitate the displacement of liquid in the 

sealing areas, and these modified jaws can be tested under different types of liquids that 

poses different contact angles with polymer films. This study will help to understand the 

correlation between the displacement of liquid in the sealing area and jaw configuration 

with different contact angles of  liquids.  

(2) Study of emulsion contaminated films to elucidate the effects of complex food 

contaminant during heat sealing - Study on heat seal strength characteristics with 

different food types (water- in-oil and oil-in-water emulsions) are beneficial to understand 

the optimum processing parameters to minimize the adverse effect of different complex 

food contaminants at the film-film interface. These data will allow us to calibrate the heat 

transfer model for predicting the heat sealing behaviour of a larger range of food products 

and further enhance the accuracy of the model.  

(3) Evaluate the heat seal behaviour of different polymers in the presence of contaminant 

liquids - Evaluation of packaging materials with different surface and thermophysical 

properties (e.g., multilayer films with adhesive layers, HDPE film coated with Surlyn™ 

adhesive layer, and different types of ionomers made with different salts such as lithium, 

sodium, and zinc) will shed light on the robustness of the heat transfer model in 

predicting the heat sealing behaviors of different polymers. Development of the FEA 
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model with different liquids posing different contact angles with the polymer films will 

improve the understanding on how different TCR values affect heat sealing behaviour. 

 (4) Further investigation on TiO2-based oxygen indicator 

 Future research directions can be made for TiO2 based oxygen indicator as 

follows: (a) an investigation of the potential applicability of this indicator as a sensor to 

detect the oxygen concentration, if the oxidation-reduction process can be quantified with 

the electrical response such as current or resistance, for the development of oxygen 

sensor; (b) a correlation study between the quality of the MAP food products and the 

indicator color change would provide information about product quality; (c) a study on 

the effect of hydrophobic carrier polymer on indicator performances with respect to RH; 

and (d) an electron paramagnetic resonance study would be useful to understand the 

complete reaction mechanism of the indicator.  
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CHAPTER 8:  APPENDIXES 

8.1 Materials used for the Chapter 3 and Chapter 4 

 

Figure 8.1 Sencorp heat sealer (model 12-ASL/1; Sencorp, Hyannis, MA, USA). 

 

 

 
Figure 8.2 High-speed NI SCXI- 1600 data acquisition device (National Instruments, 

Austin, TX, USA). 
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8.2 Specific heat capacity measurements by ASTM E 1269-05 (ASTM, 2005) 

 

  

Figure 8.3  Heat flow verses temperature of DSC scans for empty pans, sapphire and LLDPE.
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8.3 Central Composite Uniform Precision Design Details 

Table 8.1  Central composite uniform precision uncoded system. 

Run TiO2 PEO Glycerol MB 

1 -1 -1 -1 -1 
2 -1 -1 -1 ₊1 
3 -1 -1 ₊1 -1 
4 -1 -1 ₊1 ₊1 
5 -1 ₊1 -1 -1 
6 -1 ₊1 -1 ₊1 
7 -1 ₊1 ₊1 -1 

8 -1 ₊1 ₊1 ₊1 
9 ₊1 -1 -1 -1 

10 ₊1 -1 -1 ₊1 
11 ₊1 -1 ₊1 -1 
12 ₊1 -1 ₊1 ₊1 
13 ₊1 ₊1 -1 -1 
14 ₊1 ₊1 -1 ₊1 
15 ₊1 ₊1 ₊1 -1 
16 ₊1 ₊1 ₊1 ₊1 
17 -2 0 0 0 
18 ₊2 0 0 0 
19 0 -2 0 0 

20 0 ₊2 0 0 
21 0 0 -2 0 
22 0 0 ₊2 0 
23 0 0 0 -2 
24 0 0 0 ₊2 
25 0 0 0 0 
26 0 0 0 0 
27 0 0 0 0 
28 0 0 0 0 
29 0 0 0 0 
30 0 0 0 0 

31 0 0 0 0 
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Table 8.2  Variable coding system in SAS. 

Codes TiO2(g) PEO(g) Glycerol(g) MB(g) 

2 15 45 3 3 

-2 5 25 1 1 

-1 7.5 30 1.5 1.5 

1 12.5 40 2.5 2.5 

0 10 35 2 2 

 

 

  8.3.1 Design description                                                                                                                                                                                       

                                                                                                                                                                                                        

      Design type:                  Response Surface                                                                                                                                                    

      Design description:           Central Composite: Uniform Precision                                                                                                                                

      Number of factors:            4                                                                                                                                                                   

      Number of runs:               31                                                                                                                                                                  

                                                                                                                                                                                                       

 

Table 8.3 Factors and levels.                                                                                                                                                                           

  

                ____________________________________                                                                                                                                                              

                  Factor     Label        Low  Center  High                                                                                                                                                              

                ____________________________________                                                                                                                                                              

                     X1         TiO2         -1       0          1                                                                                                                                                                 

                     X2         PEO          -1       0          1                                                                                                                                                                 

                     X3         Glycerol    1      0          1                                                                                                                                                                 

                     X4         MB           -1       0          1                                                                                                                                                                 

                ____________________________________                                                                                                                                                               
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Table 8.4 Design points (coded)                                                                                                                                      

      __________________________________________                                                                                                                                                        
      RUN     X1     X2     X3     X4       Y1                                                                                                                                                          
      __________________________________________                                                                                                                                                        
        1     7.5    30    1.5    1.5    2.57040                                                                                                                                                        
        2     7.5    30    1.5    2.5    3.65835                                                                                                                                                        
        3     7.5    30    2.5    1.5    0.72822                                                                                                                                                        
        4     7.5    30    2.5    2.5    5.08005                                                                                                                                                        
        5     7.5    40    1.5    1.5    2.22415                                                                                                                                                        
        6     7.5    40    1.5    2.5    1.10205                                                                                                                                                        
        7     7.5    40    2.5    1.5    0.88177                                                                                                                                                        
        8     7.5    40    2.5    2.5    1.38765                                                                                                                                                        
        9    12.5    30    1.5    1.5    0.17428                                                                                                                                                        
       10    12.5    30    1.5    2.5    1.12801                                                                                                                                                        
       11    12.5    30    2.5    1.5    0.66840                                                                                                                                                        
       12    12.5    30    2.5    2.5    1.09550                                                                                                                                                        
       13    12.5    40    1.5    1.5    0.88622                                                                                                                                                        
       14    12.5    40    1.5    2.5    0.43758                                                                                                                                                        
       15    12.5    40    2.5    1.5    0.61919                                                                                                                                                        
       16    12.5    40    2.5    2.5    2.26815                                                                                                                                                        
       17     5.0    35    2.0    2.0    1.81511                                                                                                                                                        
       18    15.0    35    2.0    2.0    0.22865                                                                                                                                                        
       19    10.0    25    2.0    2.0    0.63450                                                                                                                                                        
       20    10.0    45    2.0    2.0    0.18444                                                                                                                                                        
       21    10.0    35    1.0    2.0    3.09106                                                                                                                                                        
       22    10.0    35    3.0    2.0    0.63450                                                                                                                                                        
       23    10.0    35    2.0    1.0    0.65257                                                                                                                                                        
       24    10.0    35    2.0    3.0    4.97335                                                                                                                                                        
       25    10.0    35    2.0    2.0    1.20170                                                                                                                                                        
       26    10.0    35    2.0    2.0    1.50453                                                                                                                                                        
       27    10.0    35    2.0    2.0    1.04826                                                                                                                                                        
       28    10.0    35    2.0    2.0    1.17435                                                                                                                                                        
       29    10.0    35    2.0    2.0    1.20170                                                                                                                                                        
       30    10.0    35    2.0    2.0    1.25981                                                                                                                                                        
       31    10.0    35    2.0    2.0    1.49357                                                                                                                                                        
      __________________________________________                                                                                                                                                                                                                                                                                                                                                             
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8.3.2 Oxygen indicator optimization results 

Table 8.5 ANOVA results for master model  

 
 
                                                                                                                                                                                                        
                                                                                                                                                                                                        
   
 
 
 

 

 

__________________________________________________________________________________________________________
_____                                                                                      
                                 Master Model                                    Predictive Model                                                                                                       
                     _____________________________________________   
_____________________________________________                                                                                      
   Source            DF         SS        MS          F     Pr > F   DF         SS        MS          F     
Pr > F                                                                                      
   
__________________________________________________________________________________________________________
_____                                                                                      
   X1                 1    1.90848   1.90848   3.292864     0.0884    1    1.90848   1.90848   3.292864     
0.0884                                                                                      
   X2                 1   0.500958  0.500958   0.864346     0.3663    1   0.500958  0.500958   0.864346     
0.3663                                                                                      
   X3                 1   2.294334  2.294334   3.958609     0.0640    1   2.294334  2.294334   3.958609     
0.0640                                                                                      
   X4                 1   0.084106  0.084106   0.145115     0.7083    1   0.084106  0.084106   0.145115     
0.7083                                                                                      
   X1*X1              1   0.092244  0.092244   0.159156     0.6952    1   0.092244  0.092244   0.159156     
0.6952                                                                                      
   X1*X2              1   3.597044  3.597044   6.206287     0.0241    1   3.597044  3.597044   6.206287     
0.0241                                                                                      
   X1*X3              1    0.76668   0.76668   1.322818     0.2670    1    0.76668   0.76668   1.322818     
0.2670                                                                                      
   X1*X4              1   0.314275  0.314275   0.542246     0.4722    1   0.314275  0.314275   0.542246     
0.4722                                                                                      
   X2*X2              1   1.259855  1.259855   2.173735     0.1598    1   1.259855  1.259855   2.173735     
0.1598                                                                                      
   X2*X3              1   0.013551  0.013551    0.02338     0.8804    1   0.013551  0.013551    0.02338     
0.8804                                                                                      
   X2*X4              1   2.430879  2.430879   4.194202     0.0573    1   2.430879  2.430879   4.194202     
0.0573                                                                                      
   X3*X3              1   0.673156  0.673156   1.161454     0.2971    1   0.673156  0.673156   1.161454     
0.2971                                                                                      
   X3*X4              1   2.610511  2.610511   4.504137     0.0498    1   2.610511  2.610511   4.504137     
0.0498                                                                                      
   X4*X4              1   4.371163  4.371163    7.54194     0.0143    1   4.371163  4.371163    7.54194     
0.0143                                                                                      
                                                                                                                                                                                                        
   Model             14   37.43967  2.674262   4.614132     0.0023   14   37.43967  2.674262   4.614132     
0.0023                                                                                      
    (Linear)          4   20.74785  5.186964    8.94951     0.0005    4   20.74785  5.186964    8.94951     
0.0005                                                                                      
    (Quadratic)       4   6.958872  1.739718   3.001684     0.0503    4   6.958872  1.739718   3.001684     
0.0503                                                                                      
    (Cross Product)   6   9.732939  1.622157   2.798845     0.0467    6   9.732939  1.622157   2.798845     
0.0467                                                                                      
   Error             16   9.273291  0.579581                         16   9.273291  0.579581                                                                                                            
    (Lack of fit)    10   9.100558  0.910056   31.61128     0.0002   10   9.100558  0.910056   31.61128     
0.0002                                                                                      
    (Pure Error)      6   0.172734  0.028789                          6   0.172734  0.028789                                                                                                            
   Total             30   46.71296                                   30   46.71296                                                                                                                      
   
__________________________________________________________________________________________________________
_____                                                                                      
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Table 8.6 Model fitting statistics. 

   

 

 

8.3.3 Canonical analysis data 

                                                                                                                              
                                                                                                                                                                                                        

   Canonical Analysis: Stationary point for Y1                                                                                                                                                          

   

________________________________________________________________________                                                                                                                             

   Stationary point:                       Critical value is a Saddle Point                                                                                                                             

   Predicted response at stationary point: 0.77056                                                                                                                                                      

   Standard error of predicted value:      0.374105                                                                                                                                                     

   

________________________________________________________________________                                                                                                                             

                                                                                                                                                                                                        

                                                                                                                                                                                                        

    

Table 8.7 Canonical analysis data.                                                                                                                                                            

      ____________________________                                                                                                                                                                      

      Factor                                                                                                                                                                                            

       Name      Coded                                                                                                                                                                         

      ____________________________                                                                                                                                                                      

                                                                                                                                                                                                        

        X1      12.0601                                                                                                                                                                         

        X2      39.9147                                                                                                                                                                          

        X3       2.0606                                                                                                                                                                          

        X4       1.7627                                                                                                                                                                          

      ____________________________                                                                                                                                                                      

                                                                                                                                                                                                        

                                                                                                                                                                                                        

                                                                                                                                                                                                        

    

 

 

                 Master Model  Predictive Model                                                                                                                                                         
   _____________________________________________                                                                                                                                                         
   Mean            1.484131            1.484131                                                                                                                                                         
   R-square          80.15%              80.15%                                                                                                                                                         
   Adj. R-square     62.78%              62.78%                                                                                                                                                         
   RMSE            0.761302            0.761302                                                                                                                                                         
   CV              51.29613            51.29613                                                                                                                                                         
   ____________________________________________                                                                                                                                                         
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Table 8.8 Canonical analysis eigenvectors for K/S value.                                                                                                                                                             

      ___________________________________________________________                                                                                                                                       

      Eigenvalues       X1          X2          X3          X4                                                                                                                                          

      ___________________________________________________________                                                                                                                                       

                                                                                                                                                                                                        

         2.17878      0.01460    -0.02099     0.52265     0.85216                                                                                                                                       

         0.17475      0.52680     0.28112     0.68285    -0.42091                                                                                                                                       

        -0.02329     -0.27931     0.94829    -0.11434     0.09826                                                                                                                                       

        -0.08470      0.80265     0.14587    -0.49747     0.29495                                                                                                                                       

      ___________________________________________________________  

 

 

 Table 8.9 Effect Estimates for minimum K/S value . 

 

__________________________________________________________________________________________________________                                                                                           
                             Master Model                                     Predictive Model                                                                                                          
                 ___________________________________________      
___________________________________________                                                                                           
   Term          Estimate    Std Err          t     Pr > |t|      Estimate    Std Err          t     Pr > 
|t|                                                                                           
   
__________________________________________________________________________________________________________                                                                                           
   X1           -1.497334   0.825148   -1.81462       0.0884     -1.497334   0.825148   -1.81462       
0.0884                                                                                           
   X2           0.4453045   0.478975   0.929702       0.3663     0.4453045   0.478975   0.929702       
0.3663                                                                                           
   X3           -8.208678    4.12574   -1.98963       0.0640     -8.208678    4.12574   -1.98963       
0.0640                                                                                           
   X4           -1.571657    4.12574   -0.38094       0.7083     -1.571657    4.12574   -0.38094       
0.7083                                                                                           
   X1*X1        -0.009087   0.022779   -0.39894       0.6952     -0.009087   0.022779   -0.39894       
0.6952                                                                                           
   X1*X2        0.0379317   0.015226   2.491242       0.0241     0.0379317   0.015226   2.491242       
0.0241                                                                                           
   X1*X3        0.1751205    0.15226   1.150138       0.2670     0.1751205    0.15226   1.150138       
0.2670                                                                                           
   X1*X4        -0.112121    0.15226   -0.73637       0.4722     -0.112121    0.15226   -0.73637       
0.4722                                                                                           
   X2*X2        -0.008396   0.005695   -1.47436       0.1598     -0.008396   0.005695   -1.47436       
0.1598                                                                                           
   X2*X3        0.0116407    0.07613   0.152906       0.8804     0.0116407    0.07613   0.152906       
0.8804                                                                                           
   X2*X4        -0.155913    0.07613   -2.04798       0.0573     -0.155913    0.07613   -2.04798       
0.0573                                                                                           
   X3*X3        0.6137157   0.569464   1.077708       0.2971     0.6137157   0.569464   1.077708       
0.2971                                                                                           
   X3*X4        1.6157075   0.761302   2.122295       0.0498     1.6157075   0.761302   2.122295       
0.0498                                                                                           
   X4*X4        1.5638957   0.569464   2.746259       0.0143     1.5638957   0.569464   2.746259       
0.0143                                                                                           
   
__________________________________________________________________________________________________________                                                                                           
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Figure 8.4  Three dimensional surface plot for the change of K/S values with TiO2 and 

PEO  at fixed glycerol (X3):MB (X4) weight ratios. Y1 is the response variable that is K/S 

value after irradiation of indicator with UVA for 30 s at 590 nm. 
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Figure 8.5 Three dimensional surface plot for the change of K/S values with glycerol and 

TiO2  at fixed PEO (X2):MB (X4) weighted ratios. Y1 is the response variable that is K/S 

value after irradiation of indicator with UVA for 30 s at 590 nm. 
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Figure 8.6  Two dimensional contour matrix for the change of K/S values with MB and 

TiO2  at fixed PEO (X2):MB (X4) weighted ratios. Y1 is the response variable that is K/S 

value after irradiation of indicator with UVA for 30 s at 590 nm. 
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8.3.6 Morphology of fibers for tested formulas during optimization 
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10:25:2:2 

 

 

10:45:2:2 

 

 

10:35:1:2 

 

 

 

10:35:2:1 

 

 

10:35:2:3 
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Figure 8.7 Morphology of the electrospun fibers obtained at different formula according 

to optimization design. 
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8.4 FTIR spectra obtain for oxygen indicators        

 

Figure 8. 8 FTIR spectra of indicator made by electrospun fibers. The formula used was 

10:35:2.7:1.3 (TiO2:PEO:glycero:MB). The experiment conducted at 22°C. 

 

 

Figure 8. 9  FTIR spectra of indicator made by casting. The formula used was 

10:35:2.7:1.3 (TiO2:PEO:glycero:MB). The experiment conducted at 22°C. 
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