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 A diffusion-based model, in conjunction with Henry’s law to treat an interface equilibrium,  
is proposed to predict oxygen transport through a PET bottle containing water stored at various  
temperatures. The model was validated against the experimental oxygen concentration evolutions  
in the headspace and water regions and noted to provide adequate prediction. Simulation revealed  
that oxygen transport through a PP cap was 90-96% and that through the PET body was 73-92% of  
the total oxygen transport into the headspace and water regions, respectively. Simulation also  
revealed that the traditional way of reporting oxygen transport rate per unit area may result in  
misleading behavior of oxygen transport through various parts of a bottle. Decreased bottle thickness  
(from 0.3 to 0.1 mm) resulted in a higher dissolved oxygen concentration, while type of cap material  
(PP and PET) did not pose any significant effect, especially during the first 20 days of storage.
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บทคัดย่อ

วรรณพร แก้วบุญเรือง1  กุศล บวรรัตนบุญญา2 ทิพาพร อยู่วิทยา3*  
และ สักกมน เทพหัสดิน ณ อยุธยา4

มหาวิทยาลัยเทคโนโลยีพระจอมเกล้าธนบุรี  แขวงบางมด  เขตทุ่งครุ  กรุงเทพฯ  10140

การจ�าลองการถ่ายเทออกซิเจนเข้าสู่บริเวณต่างๆ ของขวด PET
ที่บรรจุน�้าและเก็บรักษาที่อุณหภูมิต่างๆ

  งานวิจัยนี้เป็นการประยุกต์ใช้แบบจ�าลองที่พัฒนาข้ึนบนพื้นฐานของการแพร่ร่วมกับกฎของ Henry (Henry’s law)  
เพื่ออธิบายสภาวะสมดุลที่ขอบเขตของวัฏภาคน�้าและช่องว่างเหนือน�้าเพื่อท�านายพฤติกรรมการถ่ายเทออกซิเจนผ่านบริเวณต่าง ๆ   
ของขวดพลาสติกชนิด PET ที่บรรจุน�้า และเก็บรักษาไว้ที่อุณหภูมิต่าง ๆ ทั้งนี้เมื่อทวนสอบความแม่นย�าของแบบจ�าลองกับข้อมูล 
ผลการทดลองการเปล่ียนแปลงความเข้มข้นของออกซเิจนท้ังในบรเิวณช่องว่างเหนือน�า้และในน�า้ พบว่าแบบจ�าลองสามารถท�านาย 
ผลได้เป็นที่น่าพอใจ ผลการจ�าลองแสดงให้เห็นว่าออกซิเจนถ่ายเทผ่านบริเวณฝาขวดคิดเป็นร้อยละ 90-96 และผ่านบริเวณตัวขวด  
PET คิดเป็นร้อยละ 73-92 ของออกซิเจนทั้งหมดที่ถ่ายเทเข้าสู่บริเวณช่องว่างเหนือน�้าและที่ละลายในน�้า ตามล�าดับ นอกจากนี ้
ผลการจ�าลองยงัแสดงให้เหน็ว่าวธิดีัง้เดิมทีใ่ช้ในการวเิคราะห์ข้อมลูการถ่ายเทออกซิเจนที่ค�านวณออกมาในรปูของอตัราการถ่ายเท 
ออกซิเจนต่อหน่วยพื้นที่การถ่ายเท อาจท�าให้เกิดความเข้าใจผิดเกี่ยวกับพฤติกรรมการถ่ายเทออกซิเจนผ่านบริเวณต่าง ๆ ของขวด  
และเมื่อใช้แบบจ�าลองในการพิจารณาผลของความหนาของขวด โดยลดความหนาของขวดลงจาก 0.3 เป็น 0.1 มิลลิเมตรจะท�าให ้
ความเข้มข้นของออกซิเจนที่ละลายในน�้าสูงขึ้น ในขณะที่ชนิดของวัสดุที่ใช้ผลิตฝาไม่ส่งผลกระทบอย่างมีนัยส�าคัญต่อความเข้มข้น 
ดังกล่าว โดยเฉพาะอย่างยิ่งในช่วง 20 วันแรกของการเก็บรักษา
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1. Introduction
 Information on oxygen transport through food  
packagings is of great importance as oxygen can lead  
to many such adverse changes as oxidation reactions  
and losses of bioactive compounds and hence the  
lower product quality and shorter shelf life [1-4].  
Oxygen transport through packagings depends on a  
number of parameters, including the packaging  
structure, packaging thickness as well as storage  
temperature and difference in the partial pressure of  
oxygen within and outside of the packagings [5-6].
 For many beverages, polyethylene terephthalate  
(PET) is used as a body of a bottle, while polypropylene  
(PP) is used as a cap. Due to the different oxygen  
permeabilities, these materials allow oxygen to pass  
through their bodies at different rates. Nevertheless,  
oxygen can migrate from one portion to another, e.g.,  
from the headspace region to the beverage region.  
In order to minimize the transport of oxygen into  
packaged beverage, it is important to understand the  
behavior of oxygen transport through various parts of  
a beverage bottle; oxygen transport through an  
interface between the headspace and beverage  
regions also needs to be considered. Storage tem- 
perature also plays an important role in the oxygen  
transport behavior and must be taken into account 
in the analysis. Since an experimental program to  
understand such a transport behavior would be  
complicated and time consuming, use of a reliable  
mathematical model is an interesting alternative.
 Many studies have attempted to model oxygen  
transport through various food packagings. Di Felice  
et al. [7], for example, studied the gas permeation  
rate through plastic packaging walls and developed  
a model to predict the gas concentration in a water- 
filled bottle. However, the developed model  
considered only the oxygen permeation through the  
bottle walls into the liquid and did not take into  

account the thickness of the bottle, which is one of  
the factors affecting the transmission of oxygen. Van  
Bree et al. [8] proposed an approach to predict the  
concentration of oxygen that transported into the  
headspace of various packagings. The effect of  
packaging thickness was also considered. No attempt  
was made to distinguish between the oxygen  
transported into the bottle via its body and its cap,  
however. More recently, Bacigalupi et al. [9] presented  
a model for studying the transfer of oxygen, which  
resulted in ascorbic acid oxidation of orange juice in  
a PET bottle. The results showed that the oxygen  
transport through the cap was an important issue.  
However, the model considered only the oxygen  
migration into the beverage and not to the headspace.  
Transport between those two regions through an  
interface was not considered.
 Although a number of models are available to  
study the transport of oxygen through a PET bottle,  
no model considers the simultaneous transport of  
oxygen to both the headspace and beverage regions. 
No study also exists on the effect of oxygen transport  
through a headspace-beverage interface. Use of an  
appropriate model to perform a parametric study on  
the effects of the bottle thickness and cap material  
on the oxygen transport behavior and the evolution  
of the concentration of oxygen dissolved in a beverage  
is also lacking.
 In this work, a mathematical model based on  
Fick’s law of diffusion in conjunction with Henry’s  
law to treat an interface equilibrium is proposed.  
The model was first validated with our own data on  
the evolution of the oxygen concentration in both  
headspace and beverage regions. Water was used as  
a model beverage to avoid the possible alteration of  
the oxygen transport behavior as a result of the  
oxidation reactions that may take place should a real  
beverage, which normally contains oxygen-sensitive  
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ingredients, was used. The model was then used to  
numerically investigate the OTR through a PET bottle  
body and cap at different storage temperatures.  
Oxygen transport within the bottle, i.e., transport  
between the headspace and water regions through  
an interface, was also investigated. The model was  
eventually used to study the effects of bottle thickness  
and cap material on the amount of oxygen transported  
into the water and also on the evolution of the  
dissolved oxygen concentration in the water.

2.  Materials and methods
 2.1 PET bottles
     Preformed PET bottles with PCO-1810 neck  
finishes were purchased from Precision Plastic Co.,  
Ltd. (Ayutthaya, Thailand). They were blown by a  
blow molding machine (SIDEL, SBO 20, Octeville-sur- 
Mer, France) to the following dimensions: diameter of  
69.3 mm, height of 207 mm and thickness of 0.3 mm  
(see Fig. 1).

Figure 1  Schematic diagram of 
simulated PET bottle

 2.2  Chemical
     Manganese sulfate monohydrate (MnSO

4
· 

H
2
O), sodium hydroxide (NaOH), potassium iodide  

(KI) and sulfuric acid were purchased from Carlo  
Erba (Milan, Italy). Sodium thiosulfate (Na

2
S

2
O

3
· 

5H
2
O) and soluble starch were purchased from  

Carlo Erba (Rodano, MI). Salicylic acid was purchased  
from May and Baker (London, UK).

 2.3  Bottled water preparation
     A bottle was first rinsed with hot water.  
Fresh water was sterilized at 135 °C using a sterilizer  
(Integra, 14050/ PS-137190/ A-R, Samutprakarn,  
Thailand). The water was filled into the bottle at  
a temperature of around 90 °C by a filler (BC  
Technology, Magic HF, Cuggiono, Italy). After capping  
via the use of a capper (AROL, TSI-EURO PK “L.E.S”,  
Canelli, Italy), the bottle and its content was cooled  
in a cooling tunnel (FMI, C33-168-1, Milan, Italy) to  
the final product temperature of around 35-37 °C.  
Bottled water was stored at 35, 45 and 55 °C in  
three different incubators (Memmert, BE 500  
Incubator, Schwabach, Germany); the storage  
temperatures of 35 and 45 °C refer to the typical  
warehouse storage temperature in Thailand, while  
the storage temperatures of 55 °C refers to the  
shipping temperature from Thailand to some  
Middle East and African countries.

 2.4  Determination of headspace oxygen  
     concentration
     Three water-filled bottles stored at each  
temperature were taken out for the analysis at  
every 5 days over a period of 60 days, then every  
10 days until 100 days. Each bottle was punctured  
at its shoulder with a needle of 0.55 mm in diameter  
and 25 mm in length to measure the oxygen  
concentration in the headspace by using a portable  
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gas analyzer (Checkpoint, PBI Dansensor®, Ringsted,  
Denmark) with an accuracy of ±0.102 mol m-3. A  
septum was used to seal the needle to avoid  
leakage of oxygen. The oxygen concentration at  
each sampling time is reported as an average of  
the values in the three bottles.

 2.5  Determination of dissolved oxygen  
     concentration
     Dissolved oxygen concentration was deter- 
mined by the Winkler method. The detail of the  
method was given by Balance et al. [10]. The water- 
filled bottles stored at each temperature were taken  
out for the analysis at every 5 days over a period of  
60 days, then every 10 days until 100 days.

 2.6  Determination of oxygen permeability  
     of PET
     Oxygen permeability was calculated from  
the OTR as shown in Eq. (1). OTR was in turn  
measured as per the ASTM F 1307-02 method [11] 
using a coulometric sensor (Illinois Instruments,  
Oxygen Permeation Analyzer 8001, Johnsburg, IL)  
at 35±2, 45±2 and 55±2 °C and 65±5% relative  
humidity. OTR was determined when the bottle had  
reached an equilibrium with the test environment.  
The determination of OTR was conducted by the  
Thailand Institute of Scientific and Technological  
Research (TISTR).

3.  Mathematical model development
 3.1 Geometry construction
     The geometry and dimensions of the  
simulated bottle are shown in Fig. 1. The total  
volume and surface area of the bottle as determined  
via the use of SolidWorks 2014 (Dassault Systèmes  
SolidWorks Corp., Waltham, MA) are 350 cm3 and  
445.5 cm2, respectively. The bottle is made of PET,  
while the cap is made of PP.

 3.2  Model assumptions
     To simplify the analysis, the following  
     assumptions were made:
     • Oxygen diffusivity is constant at a given  
       temperature.
     • Time required for the water temperature  
       to reach the storage temperature is negli- 
       gible when compared with the total storage  

       time. The energy equation is therefore not  
       required. 
     • Volume of both phases (water and 
       headspace) are constant.
     • Temperature is constant during the whole  
       storage period.
     • Bottle thickness is uniform.
     • No flow and chemical reaction take place  
       within the bottle.

 3.3  Oxygen transport model
     3.3.1 Model equations
     The oxygen transport from the surrounding  
through the bottle wall and cap into the headspace  
and water regions was modeled using the following  
oxygen balance equations:

(1)
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Headspace region:

           (2)

Water region:

            (3)

where  is the molar concentration of oxygen in  
the headspace region (mol m-3),  is the molar  
concentration of dissolved oxygen in the water  
(mol m-3),  is the diffusion coefficient of oxygen  
through air in the headspace region (m2 s-1) and  

 is the diffusion coefficient of oxygen in the  
water (m2s-1).

     3.3.2 Initial and boundary conditions
     The initial oxygen concentrations at the three  
storage temperatures, which were experimentally  
determined as per the method outlined in Sections  
2.4 and 2.5, as well as the boundary conditions  
needed to solve Eqs. (2) and (3) are as follows:

Initial conditions (at t=0):

	 •	 T  = 35 °C: 
   =  8.00 mol m-3

   =  0.12 mol m-3

	 •	 T =  45 °C: 
   =  7.98 mol m-3

   =  0.13 mol m-3

	 •	 T =  55 °C: 
   =  7.88 mol m-3

   =  0.13 mol m-3

Boundary conditions [9]:

	 •		 Headspace region:

Oxygen transport through the PP cap and  
PET bottle surrounded the headspace region into  
the headspace is described by Eq. (4). The external  
partial pressures of oxygen ( ) was set to be  
the partial pressure of oxygen in air, while the  
internal partial pressure of oxygen ( ) is  
expressed in Eq. (5). The final equation for the  
oxygen flux through the headspace region therefore  
becomes Eq. (6).

                          (4)

                              (5)

            (6)

where  is the total molar flux of oxygen to the  
headspace region (mol m-2 s-1); U is the oxygen  
permeability of the bottle (mol m-1 s-1 Pa-1);  is the  
bottle thickness (mm);  and  are the  
external and internal partial pressures of oxygen 
(Pa), respectively;  is the total pressure in the  
bottle (Pa);  is the molar concentration of oxygen  
in the headspace region (mol m-3);  is the  
molecular weight of air (kg mol-1) and  is the  
density of air (kg m-3).

 Water region: 
 Oxygen flux through the PET bottle surrounded  
the water region into the water is described in  
Eq. (7).

                              (7)

where  is the total molar flux of oxygen into the 
water (mol m-2 s-1);  is the molar concentration 
of oxygen in the water (mol m-3) and  is the 
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oxygen solubility in the water (mol m-3 Pa-1) which 
is the Henry’s law constant for the dissolution of 
oxygen into water.

                                    (8)

where  is the molar concentration of oxygen 
in the water (mol m-3),  is partial pressures of 

Figure 2  Expressions of oxygen fluxes at various locations

Table 1  Parameters used in the simulation

oxygen over headspace region (Pa) and  is the 
oxygen solubility in the water (mol m-3 Pa-1).

The boundary conditions are summarized 
as shown in Fig. 2, while all the parameters used in 
the simulation are listed in Table 1.
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Table 1  Parameters used in the simulation (cont'd)
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 3.4  Model implementation
     The model equations, along with the initial  
and boundary conditions, were solved using the  
finite element method through COMSOL Multi- 
physicsTM version 5.0 (Comsol AB, Stockholm,  
Sweden). The bottle geometry was drawn by  
SolidWorks 2014 and then imported into the  
COMSOL MultiphysicsTM software as shown in Fig. 3.  
 Different mesh elements were tested to obtain  
mesh-independent solutions. The differences in  
the average oxygen concentration in both the  
headspace and water regions between using 43,892  
and 182,993 elements were negligible. Mesh  
distribution within the bottle is as shown in Fig. 4.  
Different time steps (60 vs. 86,400 s) were also  
tested and the time step of 86,400 s (1 day) were  
noted to be adequate to simulate the oxygen  
transport process. Therefore, 43,892 elements and  
86,400 s were used in all the simulations.

 3.5  OTR calculation from the simulated  
	 		 	 	 fluxes	of	oxygen
     OTR was calculated from the simulated fluxes  
of oxygen through different regions (PP cap, PET  
bottle over headspace region, PET bottle over water  
region and headspace-water interface) of the water 
bottle as shown in Eq. (9).

                         (9)

Figure 4  Mesh distribution within the PET bottle

Figure 3  Model geometry of simulated PET bottle

4.  Results and discussion
 4.1  Oxygen permeability
     In this study, the oxygen permeability of  
an empty PET bottle (with no cap) are noted to  
be 1.17×10-17, 1.59× 10-17 and 2.01×10-17 mol m-1 s-1  

Pa-1 at 35, 45 and 55 °C, respectively. These values  
are similar to those reported by Schmid et al. [18],  
which are 1.23×10-17, 2.01×10-17 and 2.93×10-17 mol  
m-1 s-1 Pa-1 at 35, 45 and 55 °C, respectively.
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 4.2 Experimental evolution of oxygen  
     concentrations
     The volumes of the headspace and water  
regions of the bottle are 30 cm3 and 320 cm3,  
respectively. The initial concentrations of oxygen  
in the headspace region at 35, 45 and 55 °C were  
8.00, 7.98 and 7.88 mol m-3, respectively; the initial  
concentrations of the dissolved oxygen in water at  
35, 45 and 55 °C were measured to be 0.116, 0.133  
and 0.134 mol m-3, respectively.

The oxygen concentration in the headspace  
region continuously increased during 100 days of  
storage at all temperatures as is seen in Fig. 5a;  
the final concentrations were 9.18, 9.43 and 9.96  
mol m-3 at 35, 45 and 55 °C, respectively. The higher  

oxygen concentration at a higher storage temperature  
is due to the higher oxygen permeability of PET. 
 The dissolved oxygen concentration in the water  
region (Fig. 5b) at 35 °C continuously increased until  
60 days and then remained almost unchanged up  
to 100 days of storage. Similar trends were observed  
at 45 and 55 °C. The final dissolved oxygen con- 
centrations reached 0.207, 0.187 and 0.167 mol m-3  
at 35, 45 and 55 °C, respectively. The final con- 
centrations at all temperatures were close to the  
saturation concentrations of oxygen in water, which  
are 0.217, 0.185 and 0.159 mol m-3, respectively  
[19]. Oxygen solubility decreases as the storage  
temperature increases, resulting in a lower dissolved  
oxygen concentration [20, 21].

Figure 5  Experimental evolutions of (a) oxygen concentration in headspace and  
(b) dissolved oxygen concentration
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 4.3  Modeling of oxygen transport  
     behavior
     Fig. 6 shows a comparison between the  
experimental and predicted oxygen concentration  
evolutions in the headspace region. The oxygen  
permeability value of PP was obtained by fitting  
the simulated results to the experimental data at  

each temperature as shown in Table 1. The model  
was able to adequately predict the oxygen con- 
centration evolutions in the headspace region at  
all storage temperatures with R2 = 0.91, 0.97 and  
0.96 at the storage temperatures of 35 and 45,  
55 °C, respectively. 

Figure 6  Experimental and predicted oxygen concentration evolutions in 
headspace at (a) 35 °C; (b) 45 °C and (c) 55 °C 

 For the prediction of the dissolved oxygen  
concentration evolution, the predictability of the  
model with and without the consideration of the  
oxygen transport through the headspace-water  
interface was first compared; better prediction with  
the consideration of the headspace-water interface,  
especially at a lower storage temperature, is seen  

as shown in Fig. 7. This is because the transport of  
oxygen was limited by the solubility of oxygen in  
water as per the Henry’s law; the effect was felt  
more at a higher temperature due to the lower  
oxygen solubility in water. Therefore, the headspace- 
water interface is a very important boundary con- 
dition that should always be considered when  
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attempting to predict the evolution of the con- 
centration of oxygen, which could transport from  
the other region of the bottle into the water. R2 of  
the predicted dissolve oxygen concentration at the  

Figure 7  Experimental and predicted dissolved oxygen concentration evolutions at (a) 35 °C; (b) 45 °C and 
(c) 55 °C with and without considering headspace-water interface

storage temperatures of 35, 45 and 55 °C was 0.95,  
0.92 and 0.72, respectively.
 Table 2 lists the OTR values through the PP cap  
and PET body to various bottle regions at various  

storage temperatures. OTR was calculated from the  
simulated fluxes of oxygen during the first 20 storage  
days since OTR reached the maximum values by  
the end of such a period at all storage conditions.  
The results expectedly indicated that an increase  
in the storage temperature led to a higher OTR to  
the headspace region. This is because the oxygen  
permeabilities of both PP and PET are higher at a  
higher temperature. OTR through the PP cap was  
higher than that through the PET body due to the  

higher oxygen permeability of the former (see  
Table 1). 
 Fig. 8 shows the plots of the fractions of oxygen  
transported through PP cap and PET body at  
different storage temperatures. Generally, OTR is  
calculated as the rate per unit surface area of a  
packaging. Fig. 8 thus shows that as much as 97-99%  
of the oxygen transport was through the PP cap.  
On the other hand, when the total OTR was  
calculated without dividing the rate by the surface  
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Figure 8  Percentage of oxygen transport through different routes into headspace at different storage  
temperatures as calculated from OTR per unit area of different routes and total OTR (not per unit area)

area, the oxygen transport through the PP cap was  
around 90-96%, which was slightly lower. This is  
because the surface area of the PET body of the  

headspace region (3.43×10-3 m2) is about 4 times  
larger than that of the PP cap (8.55×10-4 m2). 

 In the case of oxygen transport to the water  
region, an increase in the storage temperature  
resulted in a lower OTR. This is again because the  
solubility of oxygen in the water is lower at a higher  
temperature [13], leading to the lower oxygen  
migration (or flux) from the surrounding into the  
water. Oxygen migration through the headspace- 
water interface was, on the other hand, noted to be  
higher at a higher storage temperature. Note that  
the oxygen transport through the headspace-water  
interface is a function of the partial pressure of  
oxygen in the headspace region as well as the  
oxygen solubility in the water as dictated by the  
Henry’s law. When the partial pressure of oxygen  
in the headspace region increased, although the  
oxygen solubility in the water decreased, the  
dissolved oxygen concentration increased. This  

implies that the oxygen concentration in the  
headspace region plays a more influential role in  
this case than the oxygen solubility in the water.
 The fractions of oxygen transported through the  
headspace-water interface and the PET bottle  
body of the water region are shown in Fig. 9. If the  
results were considered in terms of the OTR per  
unit area, oxygen would mostly transport through  
the headspace-water interface (around 59-85%)  
and not the PET body of the water region. Since  
different transport routes have different areas, to  
make the results more realistic, the fractions should  
be compared in terms of the total OTR. The transport  
area of the PET body is larger than that of the  
headspace-water interface by around 18 times,  
resulting in as much as 73-92% oxygen transport  
via the PET body to the water region. The results  
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here showed that the analysis method of most  
other previous studies may result in a misunder- 

standing of the behavior of oxygen transport through  
various parts of a bottle.

Figure 9  Percentage of oxygen transport through different routes into water at different storage  
temperatures as calculated from OTR per unit area of different routes and total OTR (not per unit area)

 4.4 Simulated effect of selected  
     parameters on dissolved oxygen  
     concentration
     The validated model was used to study the  
effects of bottle thickness and cap material on the  
evolution of the dissolved oxygen concentration  
during 100-day storage at a fixed storage temperature  
of 35 °C. This temperature was selected as it was the  
temperature that led to the most obvious change in  
the dissolved oxygen concentration.

     4.4.1 Effect of bottle thickness
      Fig. 10 shows the evolutions of the dis- 
solved oxygen concentration when various bottle  
thickness values (0.1-0.3 mm) were used. Note  
that the thickness of a typical commercial bottle is  
0.3 mm. As expected, when the bottle thickness  
decreased from 0.3 mm to 0.1 mm, the dissolved  
oxygen concentration increased more rapidly. This  
is because the oxygen molecules could more  
easily transport through the thinner bottle wall.  

The maximum OTR within the first 20 days of storage  
was noted to be all within the higher oxygen barrier  
range according to the classification of Abdellatief  
and Welt [22]. However, when the present results  
were applied to the data of Kennedy et al. [23]  
and Roig et al. [24] who studied the effect of  
dissolved oxygen concentration on ascorbic acid  
degradation in orange juice, it was found that the  
bottle thickness would affect the product shelf life.  
The shelf life of orange juice packed in the bottle  
with the thickness of 0.3 mm was predicted to be  
around 41 days, while those packed in the bottles  
with the thickness of 0.2 and 0.1 mm were predicted  
to be 38 and 30 days, respectively. These shelf life  
calculations were based on the recommended  
minimum ascorbic acid concentration of orange  
juice of 200 mg L-1 [25-28]. The results indicated  
that the slight change of the OTR has a significant  
effect on the beverage quality. Selection of the  
bottle thickness must therefore be made with care.
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Figure 10  Simulated dissolved oxygen concentration evolutions when using different  
bottle thickness values

Figure 11  Simulated dissolved oxygen concentration evolutions when using different cap materials

     4.4.2 Effect of cap material
      PP and PET were tested as the cap materials.  
Fig. 11 shows that the dissolved oxygen concentration  
was slightly lower (around 4%) as the cap material  
was changed from PP to PET, especially when the  
storage time was beyond 20 days. This is because  
diffusion is a rather slow process; it took quite some  

time for the oxygen to transport from the headspace  
through the headspace-water interface into the water.  
However, since oxygen migrates through the PP cap  
faster than through the PET cap, slight change was  
observed. Therefore, the cap material has no significant  
effect on the dissolved oxygen concentration if a  
beverage is to be stored for less than 20 days.
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5.  Conclusions
  A mathematical model based on Fick’s law of  
diffusion was used in conjunction with Henry’s law  
to investigate the oxygen transport though various  
parts of a PET bottle (bottle body and cap) containing  
water stored at different temperatures. The model  
was able to well predict the oxygen concentration  
evolutions both in the headspace and water regions.  
Oxygen transport through the cap and headspace- 
water interface was noted to be significant and must  
be taken into consideration to arrive at the realistic  
results. Oxygen mostly transported through the PP  
cap (around 90-96%) into the headspace region and  
through the PET body (around 73-92%) into the water  
region. Although OTR through the headspace-water  
interface was 59-85% higher than that through the  
PET body of the water region, 73-92% of the oxygen  
transported into the water was through the PET  
body since the headspace-water interface area is  
much smaller. Analyzing the oxygen transport data  
as OTR per unit transport area may indeed result in  
a misunderstanding behavior of oxygen transport  
through various parts of a bottle. Simulation also  
showed that bottle thickness significantly affected  
the dissolved oxygen concentration; increase in the  
concentration may in turn significantly affect the  
beverage quality. Cap material, on the other hand,  
did not pose any significant effect on the dissolved  
oxygen concentration, especially during the first 20  
days of storage.
 However, the study did not include the effect of  
oxygen absorption on the packaging material prior  
to being transported into the headspace or water.  
Moreover, the model should be enhanced to allow  
the prediction of the oxygen transport into a bottle  
containing an oxygen-sensitive beverage. Since oxygen  
is an important factor affecting the quality of food  
through such routes as oxidation reactions, deterioration  
of food quality during storage should be modeled.
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