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Polyethylene terephthalate (PET) is currently the most widely used type of plastic. PET plastic benefits 
include that it is lightweight, safe, cheap, and recyclable. Drinking water is an important route for human 
exposure to contaminants. One method of exposure is through leaching of antimony (Sb) from polyethylene 
terephthalate PET plastic. Antimony is a toxic element which causes harmful symptoms such as respiratory 
irritation, dysphagia, vomiting and eye and mucous membrane irritation. Leaching of antimony from three 
commercially available PET plastics was investigated in this study. The potential leaching of Sb was observed 
under different pH values, temperatures, and storage times. In this study, elemental mapping using scanning 
electron microscopy–energy dispersive x-ray spectroscopy (SEM–EDX) and inductively coupled plasma–
optical emission spectrometry (ICP–OES) were employed to determine the weight percentages of antimony 
(Sb) on the inner surfaces of the PET plastic. The results revealed the presence of Sb in PET material, with 
significantly higher concentrations in PET 3, measured at 0.844 μg/L. Temperature and pH were investigated 
as factors influencing Sb leaching over time. The concentrations of Sb in bottled water ranged from 0.02 to 
2.14 μg/L at different temperatures (25, 40, 50, or 60°C) and from 0.02 to 1.9 μg/L at pH values (6.5, 7, or 7.5) 
over 200 days. The maximum Sb concentrations reaching 2.14 μg/L at 60°C after 200 days, exceeded the 
Japanese limit of 2.00 μg/L. These findings highlight the potential health risks associated with Sb leaching 
from PET bottles, particularly under elevated temperature and low pH conditions.
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INTRODUCTION

Drinking water consumption in PET bottles has been steadily growing in the past decade. The Saudi 
market for PET bottles is increasing, driven by the nature of Saudi Arabia, which lacks natural sources 
of water, along with the country’s rapid growth. There are now no less than 20 local brands on the 
Saudi market, in addition to the imported brands in this field (North and Halden, 2013; Carneado  
et al., 2015; Sánchez-Martínez et al., 2013; GAS, 2016).

The issue of antimony (Sb) leaching from PET bottles into drinking water has gained significant 
attention due to its potential health implications. These may include gastrointestinal problems, such 
as nausea, dysphagia, vomiting, and diarrhoea. In severe cases, antimony can lead to neurological 
disorders, and even kidney damage. It is important to note that the severity of these symptoms can 
vary depending on the concentration of antimony in the water (Gabel, 1997; Bach et al., 2012; Fan  
et al., 2014; Aghaee et al., 2014).

In 2010, a study was published in which the leaching of many inorganic substances from PET and 
glass bottles was investigated. All of these released elements had comparable concentrations in both 
kinds of bottles, except for antimony, for which leaching from PET bottles was over 20 times higher 
than from glass bottles (Reimann et al., 2010; Shotyk et al., 2006). High concentrations of antimony in 
PET bottles are due to the use of antimony trioxide (Sb2O3) as an essential catalyst for the solid-phased 
poly-condensation stage to form PET. This catalyst reacts effectively without inducing undesirable 
colours and has a low tendency to catalyse side reactions (Duh, 2002; Shotyk and Krachler, 2007). 
The objective of this research was to investigate the presence of antimony and its leaching rate from 
three types of PET bottles, and to highlight the influencing effects of water conditions, including 
temperature, pH, and storage time. Two different characterization methods were utilized: elemental 
mapping obtained using scanning electron microscopy–energy dispersive x-ray spectroscopy 
(SEM–EDX) and inductively coupled plasma–optical emission spectrometry (ICP–OES)  
(Ohnemus et al., 2014; Westerhoff et al., 2008).

MATERIALS AND METHODS

PET bottles and chemicals

Three different types of PET bottles (PET 1, PET 2, and PET 3), each for a different brand of drinking 
water, were supplied from the bottle manufacturer directly and used throughout the investigation. 
The volumes of the bottles were 0.33 L.

Instruments and analytical conditions

The concentration of Sb in the PET bottles was quantitatively analysed using ICP-OES (Thermo 
Scientific, ICAP 6000 Series). The instrument operated at a radio frequency power of 1.2 kW, an 
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argon coolant gas flow rate of 18 L/min, and a gas pressure of 
30 psi. The samples were acidified with HNO3 (Sigma-Aldrich) 
prior to ICP–OES measurements. All solutions were prepared 
using ultrapure water obtained from a Millipore Direct-Q system. 
PET bottles were immersed in a detergent solution for 24 h, then 
repeatedly flushed with tap water and rinsed with ultrapure water 
to remove the detergent. Cleaned PET bottles were dried at room 
temperature.

SEM–EDX characterization

A Piranha solution at a ratio of 3:1 v/v concentrated sulfuric acid 
(Sigma-Aldrich) to hydrogen peroxide (Sigma-Aldrich) was used 
to digest 0.6 mg of PET (PET 1 and PET 2) bottles individually. 
They were placed in PFA-coated heating blocks at a hot-plate 
temperature of 110°C for 14 h, then left at room temperature for 
1 h (following the method of Ohnemus et al., 2014). The resulting 
solutions were filtered and diluted to determine Sb using a Hitachi 
TM 3030 Plus SEM equipped with EDX Bruker microanalysis 
system.

ICP–OES characterization

The digestion method to determine total Sb for the PET bottles 
followed Westerhoff et al. (2008). A sample of 0.50 mg of each PET 
bottle (PET 1, PET 2, and PET 3) was digested with 8 mL of nitric 
acid (65%, Sigma-Aldrich) and 3 mL of peroxide hydrogen (30%, 
Sigma-Aldrich). They were digested on a hot-plate overnight at 
35°C and then heated up to 120°C for 1 h. The resulting solutions 
were filtered and diluted to be analysed by ICP–OES to determine 
Sb content.

Experimental design and sampling protocol

Three water pH levels were adjusted to 6.5, 7.0, or 7.5 using  
1 M HCl and 1 M NaOH. Additionally, these bottles were 
investigated at different temperatures (25, 40, 50, and 60°C) by 
placing these bottles in a temperature-controlled incubator 
(BIOBASE, BOV-T3 incubator). Experiments were conducted 
over a period of 200 days. The bottles were sampled at set intervals: 
Day 1, Day 20, Day 50, Day 100, Day 150, and Day 200. Water 
samples were collected from the bottles using sterilized pipettes 
and immediately analysed for Sb content.

Statistical analysis

All results were analysed using two-factor analysis (ANOVA) in 
Microsoft Excel, with a significance level set at p < 0.05.

RESULTS AND DISCUSSION

Elemental composition of PET bottles

Figure 1 shows the elemental mapping of the inner surfaces of 
PET 1 and PET 2, obtained using the SEM equipped with EDX 
microanalysis system. The most abundant element in both types 
of bottles is carbon (C), which makes up 64.29% and 65.11% of 
the total mass of PET 1 and PET 2, respectively. Carbon is a key 
component of all organic polymers, including PET, and its high 
proportion indicates that the two bottles are primarily composed 
of carbon-based compounds. Oxygen (O) is the second-most 
abundant element in both types of bottles. It accounts for 34.93% 
and 34.75% of the total mass of PET 1 and PET 2, respectively. 
Oxygen is a crucial component of PET, forming the ester 
linkages that hold the polymer chains together. Sodium (Na) and 
aluminium (Al) are present in very small amounts, ranging from 
0.05% to 0.07%, and 0.03% to 0.53%, respectively. Silicon (Si) 
and potassium (K) are found in negligible amounts and only in 
PET 1, at 0.09%, and 0.03% respectively, indicating that they are 
not significant components of the PET bottles. The presence of 
antimony (Sb) in both PET bottles is noteworthy. It was detected 
in PET 1 and PET 2, albeit in very small amounts, at 0.06%, and 
0.05%, respectively (Table 1).

In this study, SEM-EDX detected Sb in very small amounts (0.06% 
and 0.05%) in PET 1 and PET 2, but its sensitivity makes it less 
accurate for such low concentrations (especially concentrations 
lower than 1%). As a result, this study focused the SEM-EDX 
analysis on PET 1 and PET 2 to ensure the precision and reliability 
of the measurements. Meanwhile, the presence of Sb in PET 
bottles was reconfirmed using ICP-OES, which offers higher 
accuracy for detecting trace amounts, such as those found in this 
study (0.022–0.844 μg/L).

Figure 1. SEM–EDX elemental mapping of Sb in PET bottles used in this study: (a) PET 1, (b) PET 2

Table 1. Main components of PET bottles by weight percentage, as 
determined by SEM–EDX 

Element Percentage of total mass (%)
PET 1 PET 2

C 64.29 65.11
O 34.93 34.75
Na 0.07 0.05
Al 0.53 0.03
Si 0.09 -
Sb 0.06 0.05
K 0.03 -
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Figure 2 illustrates that ICP–OES is an efficient method for 
measuring Sb levels in PET bottles. The relative standard 
deviation was calculated from 3 replicate measurements for 
each PET bottle. Lower quantities of Sb were recorded in PET 1 
and PET 2, at 0.023 μg/L and 0.022 μg/L, respectively. However, 
in PET 3 the concentration of Sb is much higher, measured at  
0.844 μg/L (Table 2). These measurements confirm the presence 
of Sb in the composition of PET material.

Statistical analysis

The analysis shows the significant effects of both temperature 
and pH on Sb release from PET materials. The ANOVA revealed 
that the main effect of temperature was significant (F = 0.954,  
p = 0.4933), with Sb release increasing as the temperature rose 
from 25 to 60°C. Similarly, the main effect of pH was significant  
(F = 0.3867, p = 0.5355), with Sb release varying across pH levels of 
6.5, 7, and 7.5. The interaction between temperature and pH was 
not significant (F = 0.1513, p = 0.9992), indicating the effects of 
these factors on Sb release were independent rather than combined.

The sums of squares (SS) within groups was 30.3429, indicating 
the overall variation in Sb release among the different temperature 
and pH conditions. The SS for the interaction between the two 
factors was 0.526, which was not significant as indicated by the 
non-significant F ratio and high p value.

The mean square (MS) values provide further insight into the 
variation attributable to each factor. The MS for the temperature 
factor was 0.3015, while the MS for the pH factor was 0.1222. 
These values, along with the corresponding F ratios and p values, 
confirm that temperature had a stronger effect on Sb release than 
did pH, although both factors had significant effects overall.

Influence of temperature on antimony release

The effect of temperature on leaching of antimony from PET 
bottles as a function of time was investigated at different 
temperatures (25, 40, 50 and 60°C), for a container with a volume 
of 0.33 L. Sb concentration for PET 1 was 0.02 μg/L at 25°C and 
increased steadily to 0.97 μg/L after 200 days. The PET 2 bottle had 
only been stored for 3 weeks but had an initial Sb concentration 
of 0.10 μg/L at 60°C. There is a significant difference between Sb 
content as a function of temperature. Antimony leaching from 
PET 3 increased after 200 days to a level 4 times higher than 
that measured on Day 50 at 60°C, from 0.52 μg/L to 2.14 μg/L. 
In addition, the antimony concentrations for PET 1 and PET 2 
at 50°C increased from 0.08 and 0.11 μg/L to 1.56 and 1.21 μg/L,  
respectively (Fig. 3). The maximum Sb concentration was  
2.14 μg/L, at 60°C, which is higher than the most restrictive 
national limit (for Japan) of 2.00 μg/L. For all bottles (PET 1,  
PET 2, and PET 3), those with the longest storage time experienced 
the highest increases in Sb leaching.

Influence of pH value on antimony release

Various factors affect the release of Sb from PET bottles, including 
pH. The results of this study indicated that filling bottles with 
drinking water, which typically has a neutral to slightly acidic 
pH, can lead to increased Sb release compared to more alkaline 
conditions. These findings reveal that Sb release is inversely 
related to pH levels, meaning that as pH decreases, the release of 
Sb increases.

Migration of Sb into normal drinking water for PET 1, PET 2, 
and PET 3 bottles did not significantly alter the pH of the water 
from 6 to 8. The levels of antimony released from the three 
PET bottles after 50 days were all higher than 0.2 μg/L (Fig. 4). 
Sb concentration for PET 1 and PET 2 at pH 6.5 was 0.01 and 
0.03 μg/L, respectively, and increased to 1.62 and 1.18 μg/L, 
respectively, after 200 days. The rate of Sb release for PET 3 was 
found to be the highest and increased from 0.09 μg/L to 1.90 μg/L 
at pH 6.5 after 200 days.

In general, the total antimony release at the end of 200 days 
was ranked in the following order: PET 3 > PET 1 > PET 2. The 
findings of this study regarding Sb release from PET bottles into 
drinking water corroborate the presence of Sb in the composition 
of PET bottles, especially for PET 3, in which the weight 
percentage exceeded 0.05%. Antimony is widely used as a catalyst 

Figure 2. (a) Overlay of the Sb spectrum (206.833 nm): red ligand indicates Sb content in PET bottles, black ligand represents Sb standard solution 
(1.0 mg/L); (b) Sb content in PET bottles by ICP–OES.

Table 2. Concentration of Sb in PET bottles, as determined by ICP–OES

Reading Sb concentration (mg/L)

PET 1 PET 2 PET 3

1 0.023 0.024 0.836

2 0.022 0.021 0.845

3 0.023 0.022 0.849

Mean ( x ) 0.023 0.022 0.844

Relative standard deviation 2.8% 5.4% 0.8%

https://www.youtube.com/watch?v=2do5DeDT6ZE
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Figure 3. Influence of temperature on antimony release from PET bottles as a function of time: (a) PET 1, (b) PET 2, (c) PET 3; experimental 
conditions: pH = 7.2, TOC = 1.3 mg/L, and alkalinity = 16 mg/L as CaCO3

Figure 4. Influence of pH value on antimony release from PET bottles as a function of time: (a) PET 1, (b) PET 2, (c) PET 3; experimental conditions: 
temperature = 25°C, TOC = 1.3 mg/L, and alkalinity = 16 mg/L as CaCO3
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and stabilizer in most commercial PET bottles and the SEM–
EDX results for this study confirm the presence of Sb in the PET 
bottles sampled. In addition, Fig. 2 shows that inductively coupled 
plasma–optical emission spectrometry (ICP–OES) is an effective 
method for detecting Sb content in PET bottles. Leaching of Sb 
into drinking water is a slow process which persists and increases 
with time and other factors such as temperature and pH value.

CONCLUSION

Antimony is used as a catalyst and stabilizer in the manufacture 
of polyethylene terephthalate (PET) plastic, which is the material 
from which most disposable plastic water bottles and many other 
plastic items are made. In this study, the presence of antimony 
on the inner surfaces of PET 1, PET 2, and PET 3 bottles was 
confirmed by x-ray spectroscopy. In addition, ICP–OES was an 
effective method for detecting antimony content of PET bottles.

The level of leaching of antimony from PET bottles into drinking 
water is influenced by the parameters investigated, i.e. pH value, 
temperature, and storage time.

The results showed that temperature had a greater influence on 
Sb leaching than pH, with the highest concentration of 2.14 μg/L 
observed at 60°C, exceeding the Japanese limit for Sb in drinking 
water of 2.00 μg/L. While lower pH also increased Sb leaching, 
reaching 1.9 μg/L at pH 6.5, the effect of temperature was greater. 
These findings highlight the potential health risks associated with 
Sb leaching from PET bottles, particularly when stored at elevated 
temperatures. This study indicates that precautions to avoid 
antimony contamination should be taken at the manufacturing 
stage for PET bottles and alternative options should be sought.
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