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Abstract

:

Fill product residues in packagings are equivalent to product losses. They are washed out after sorting and before commencing recycling processes. Not much data have been published about how much fill product is still present in packagings dedicated for recycling. Results are often from laboratory trials. Therefore, several hundred packagings from a sorting plant of a dual system in Germany were analysed to determine the amount of fill product residues. Approximately 10 wt. % of highly viscous fill products in tubes were lost as residue. In the case of packagings that were easy to empty, such as cups, and in the case of low-viscosity fill products, such as water, less than 1 wt. % of the fill products remained in the packagings. The mean amount of residue in relation to clean packaging was 0.9 g residue in 1 g of packaging material (without residue) in tubes and 0.07 g in PET bottles. These values were significantly lower for low-viscosity fill products compared to high-viscosity fill products, as expected.
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1. Introduction


1.1. Recycling of Disposable Packaging in Germany


Single-use consumer plastic packaging waste is collected in Germany through dual systems [1,2,3,4,5]. Collected plastic waste is sorted and then either recycled or incinerated [2,4,5,6,7,8,9,10].



The structure of waste separation plants for lightweight packaging (LWP) waste and the sequence of the installed units are usually similar. At the beginning of the system, there is a sack-opener unit that is responsible for tearing open tied sacks and shredding or separating very large or agglomerated materials. This is usually followed by several screens, which usually consist of screen drums. The screening drums have holes of different sizes, usually ≥ 40 mm, through which the waste is “screened”. In the process, the materials are divided according to different size groups depending on the hole size through which the individual materials fall. Afterwards, devices separate 2D materials from 3D ones. This is performed by means of air classification. Air classifiers separate the light two-dimensional materials from the heavier three-dimensional materials by means of an air current, which causes the lighter materials to fly upwards and the heavier materials to fall downwards. There are different types of air classifiers, e.g., “zig-zag classifiers”. Some plants also use ballistic separators, which also separate 2D from 3D materials through the use of vibrating inclined screens. In the process, any small grains that are still present fall through the screen openings. The light two-dimensional materials are transported upwards due to the vibration. The heavy three-dimensional materials, on the other hand, roll down to the lower end. In individual material streams, magnetic separators come next, which separate iron from the rest of the materials through magnetic force. Nonferrous metals are taken out in the next unit, the eddy current separator. The way an eddy current separator works is based on induction. Eddy currents are generated in the conductive nonferrous metals through “a rapidly rotating magnetic pole system”. This creates “magnetic fields with the same polarity as the magnetic rotor, which cause the nonferrous parts to be repelled”. Sensor-supported sorters are then installed in the plants. These emit radiation in the NIR range, which is selectively reflected by the materials depending on which wavelengths are absorbed and reflected by the materials. The differences in the absorption or reflection of NIR radiation depend on the materials of which the objects are composed of. The reflected radiation is picked up again using a detector and converted into an electrical signal. This signal is evaluated with the help of software and the materials are sorted according to the material type. The sorting of the materials on the belt is achieved by means of compressed air blasts, which target the individual objects and transport them to a different belt than the rest of the materials. The plants have several NIR sorters, each filtering out different materials and, thus, forming the individual fractions [5,7,9,11,12,13,14,15,16,17].



In LWP sorting plants, mainly waste from the “yellow bag” (German: “gelber Sack”) or the “yellow bin” (German: “gelbe Tonne”) is sorted. Some materials cause problems in sorting plants because they are materials that should not be thrown into the yellow bin. For example, textiles often end up in the yellow bins. According to the regulations, paper packaging should be disposed of in the wastepaper bin and all other packaging in the yellow bin. The emphasis should be on “packaging”, because quite different items are often thrown into the yellow bin, such as bicycle tires, shower heads, traffic cones or textiles, as was observed during facility visits. Things such as shampoo bottles, pasta bags, beverage cartons or plastic washing-up liquid bottles belong in the yellow bin. What may not be disposed of in the yellow bag are old clothes or textiles, glass, transparent sleeves, paper, CDs, video cassettes, food leftovers, nappies or packaging that has not been emptied. However, all these things are still seen in LWP sorting facilities [7,16]. Worth mentioning is that biomass waste sorted out during recycling may be relevant for other products, such as biochar [18].



In Germany, plastic packaging waste is usually mechanically recycled after sorting when the recycling infrastructure is available. The plastic waste is washed after sorting and before recycling to remove residues [5,9,19,20,21], such as from foods and other fill products. However, impurities, such as odorous substances and other impurities, are still present in recyclates [20,22,23,24,25]. Some sources of contamination are impurities of polymers other than the sorting fraction, the migration and the adhesion of components from the fill products, diverse decomposition products from chemical reactions, such as fat oxidation, and microbial growth [25,26]. Contamination and possible degradation may cause virgin polymers to have different mechanical properties compared to recycled polymers [27].




1.2. Relevance of Impurities and Residues for Sorting


Near-infrared radiation (NIR) is used for sorting to identify and initiate the separation of plastic parts [9,12]. Typical applied wavelengths are between 990 nm and 1500 nm and between 930 and 1700 nm [12,28]. Parts and particles need to be detected on the surface [13,15]. Surface moisture and dirty surfaces, e.g., oil, can absorb and attenuate some radiation and reduce the sorting efficiency [13]. However, the influence of surface moisture and oil is low [12,28]. Regardless, NIR has a certain penetration depth and with thin outer layers, inner layers can influence the absorption spectrum [11,14]. Residues inside packagings might, therefore, influence NIR identification results.




1.3. Emptying Behaviour of Packagings


Food and other fill product residues cause the undesired pollution of plastic packaging waste for recycling [29]. The insufficient emptying behaviour of packagings is a reason for this occurrence [29,30,31,32,33,34,35]. Food residues adhere to packaging surfaces [29,31,32,34,35,36,37,38,39]. Cragnell et al. reported that “Approximately 5–10% of the fermented milk remains in the packages upon pouring […], […] due to adhesion to the inner package surface” [32]. Meurer et al. found that in 1 L milk packaging, milk residue amounted to between 0.43 and 14.7 mL [40]. According to Wohner et al., 5 to 29% of ketchup remained in PP bottles after emptying and 3 to 4% in glass bottles [34,41]. Furthermore, he reported 0.3 to 5.8% residue (“technical emptiability”) of dairy products in diverse packagings [34,42]. Go reported 0.1 to 0.3 wt. % diary product residues in PS cups and up to 0.8 wt. % beverage residues in PET bottles, with most values being lower for PET bottles [33].



Several surface modifications and coatings have been developed to improve the emptying behaviour of packaging [29,35,43,44,45,46,47]. However, Müller et al. claimed that “[…] easy emptying packaging is not a widely used option nowadays, due to the higher costs of the packages compared to traditional materials [39]”. It is, therefore, to be expected that, in many cases, packagings cannot be emptied well.




1.4. Intention of the Study


The aim of this study was to determine fill product residue amounts in packagings dedicated for recycling. Such data could help to identify packaging formats and fill products where emptying behaviour could be improved. Furthermore, such data may be relevant to understand better how much unavoidable losses occur during recycling due to undesired residues.





2. Materials and Methods


2.1. Sampling


Samples were taken in January 2023 from sorted disposable packaging waste in a packaging waste-sorting plant managed by the dual system PreZero (Ölbronn, Germany). The catchment area was southern Germany. The throughput of the plant was approximately 20 t/h. The sorted samples belonged to the sorting categories of rigid PP (poly(1-methylethylene)), rigid PE-HD (polyethene high density) and rigid PET (poly(ethylene terephthalate)). The samples were classified as PE tubes (n = 180, Figure A1), PET bottles (n = 112, Figure A1 and Figure A2), PE-HD bottles (n = 157, Figure A3), PP cups (n = 100, Figure A3) and PP bottles (n = 109, Figure A4). Information about the filling quantities was taken from the labels. For 30 PET bottles, the fill product quantity was not visible, because the labels had been removed.



Due to the regionally large catchment area of the samples, the mixing of the samples in the sorting process, the random composition of the samples, the larger number of samples compared to similar studies and reproducible sorting in the facilities, the results of this study could be considered randomised and the results for the sampling be considered reproducible. Advice on sampling, such as from Dahlen and Lagerkvist, was taken into account [48].




2.2. Measurement of Weights


The sample weights (packagings with residues) were measured with an analytical balance (model BP 221 S, Sartorius, Göttingen, Germany). The samples were then washed with water containing detergent. Tubes were cut before this to remove residues more easily (Figure A5). Afterwards, the samples were dried for some days at approx. 23 °C and 50% r.h. After drying, the weight was measured again.




2.3. Data Processing


All data were processed with Microsoft Excel 2019.





3. Results


3.1. Tubes Composed of PE


In the tubes, various products, such as skin crème, hair gel, shampoo and toothpaste, were filled by producers. For 125 samples, the closures were left on the packages, and for 55 samples, the closures were no longer on the package. The closures could have been removed by the consumers or through mechanical action during processing. The mean residual amount related to the filling quantity was 0.09 g/g (Figure 1). Therefore, almost 10 wt. % of the fill product remained as residue in the tubes. No correlations between residual quantities and fill product quantities were identified. A mean of 0.89 g of residue (fill product) remained and adhered to 1 g of clean packaging material. For the tubes with closures, the value was 0.85 g/g. When the value was calculated for the tubes without closures, the value was higher, reaching 0.99 g/g.



The results of Figure 1 were classified into skin cream, hair gel, shampoo and toothpaste, because different fill products might have behaved differently (Figure 2). A mean of 3 wt. % of shampoo, 7 wt. % of hair gel and 11 wt. % of skin crème and of toothpaste remained in the packagings. For the calculations, the product density was assumed to be 1 g/cm3. The mean values for the ratio of residue related to the clean packaging material was calculated to be 0.36 g for shampoo, 0.55 g for hair gel, 0.75 g for skin crème and 1.26 g for toothpaste per 1 g of cleaned packaging material.




3.2. Cups Composed of PP


The analysed PP cups were mainly used for dairy products, such as yogurt and desserts, as Kostic et al. already reported [49]. For 25 cups, the lid was left on the packaging, and for 75 of the cups, the lids were no longer on the packaging. The cups had a filling quantity of 50 to 500 g. The cups composed of PP contained a mean of 0.38 wt. % of residue related to the fill product (Figure 3). The residual quantity did not correlate with the filling quantity. A mean of 0.117 g of fill product remained in 1 g of clean packaging material (cups with and without lids).




3.3. Bottles Composed of PP and PE-HD


In the analysed PP and PE-HD bottles, shower gel was filled with fill quantities of 100 to 800 g. For 87 PE bottles, the closures were left on the bottles, and for 70 bottles, the closures were removed. In the case of PP bottles, 62 bottles had the closures left on, and 47 had the closures removed. A mean of 2 wt. % of the fill product remained in the PP bottles, and in PE bottles, the amount was slightly higher at 3.4 wt. % (Figure 4). In total, 0.17 g of residue in the PP bottles and 0.34 g in the PE bottles remained, relating to 1 g of cleaned plastic. For the PE bottles, the following colours were observed: 5 transparent, 14 red/rose, 23 blue, 8 crème, 15 black/gray, 10 green, 79 white and 3 yellow. For the PP bottles, the following colours were observed: 62 transparent, 2 red, 12 blue, 7 crème, 10 black and 16 white.




3.4. PET Bottles


For PET bottles, a mean of 0.5 wt. % of fill product remained (Figure 5). The mean value of residue related to the packaging material was 0.07 g of residue related to 1 g of cleaned PET.



The tested PET bottles were used for various products with a wide range of viscosities (see Figure 6), resulting in a broad distribution. In the PET bottles with tomato ketchup, the mean residue amount (mean value) was highest, at almost 0.35 g residue in 1 g clean packaging material. A mean of between 0.01 g and 0.07 g of the other fill products remained in 1 g of clean PET bottles.





4. Discussion


In Table 1, the results were summarised and compared with results from other publications. High-viscosity fill products, such as toothpaste and crème, remained in higher quantities in packagings, here being tubes. These flowed slowly out of the packaging. As already reported by Schmidt before, a higher viscosity is an explanation for higher amounts of residues [44]. The viscous behaviour of toothpaste is more complex. It can be described with the Bingham model. A certain shear stress is required to induce the flow of toothpaste [50,51]. This behaviour is desirable, because it allows toothpaste to remain on the toothbrush and not fall off. Between 11 and 13 wt. % of toothpaste and crème remained in the packagings and were lost for consumption. The values were scattered (see Figure 2). According to Schmidt, approx. 14 wt. % of toothpaste remained as residue [44]. However, only four samples were measured there. Schmidt reported that 18 wt. % of hair gel remained in packagings, with five samples measured [44]. These values were higher than the mean value of 11.3 wt. % in this study. Additionally, these values were scattered, wherefore many samples would need to be analysed to obtain statistically valid results. The other residual quantities measured in this study were lower.



Residue amounts in the PP and PS cups were lower when taken from sorting plants. A possible explanation was the drying and water evaporating from products during collection and processing.



The amount of shower gel residue was slightly higher in PE bottles compared to PP bottles. An explanation could be that more PP bottles were transparent and, therefore, residues were visible to the consumers and were consumed.



Due to their low viscosity, PET bottles with beverages emptied well, with always less than 1 wt. % of the fill product remaining in the packaging. Higher amounts of residue were observed for nonbeverage fill products, with the highest amounts being obtained for tomato ketchup in PET bottles, at a mean product residue amount of 2.5 wt. %. The value was much lower than that previously reported for ketchup in PP bottles. The study of Wohner reported amounts of up to 30 wt. % of residue, i.e., product loss, for tomato ketchup packaged in PP bottles. However, Wohner did not measure the losses from recycling streams, but performed laboratory trials that may not have had reflected reality well. Ketchup is shear-thinning [51]. By shaking the packaging, ketchup can flow more easily, which could have been performed by consumers and could have been the explanation for the low amounts of ketchup residue found in PET bottles. However, laboratory results of residue amounts in bottles without shaking were not available for comparison for this study.



When the residue quantities were related to the packaging weight, it became obvious that residues were a considerable part of the plastic packaging waste. In the case of tubes, the median ranged from 0.26 g to 1.1 g of residue related to 1 g of clean packaging material. For tomato ketchup in PET bottles, a median of 0.36 g of ketchup was observed to 1 g of clean PET material. A median value of 0.17 g of shower gel residue was found to 1 g of clean PE bottles. The lowest median values were observed in PET bottles, with 0.01 g water residue remaining to 1 g of clean PET material. Obviously, the residue amounts measured using samples from recycling plants were lower than those from laboratory experiments. The lower values were an advantage, since residues had to be washed out after sorting and before recycling [15,21].




5. Conclusions


For this study, residue amounts in packaging waste were measured. For high-viscosity foods in difficult-to-empty packagings, such as tubes, the residue amounts were high. For low-viscosity foods, such as water, the residue amounts were low.



Fill product residues are problematic for several reasons. Residues are not consumed as intended, and, therefore, are lost for consumption, with overproduction potentially being required. Residues add additional weight to packaging waste that must be transported. Washing after sorting and before recycling is required to remove residues, causing additional efforts and extra costs for washing and wastewater disposal. Furthermore, because of the residues, the weight of the sorted input waste for recycling is lower than the output weight after washing and recycling. Hence, only a limited amount of packaging waste can be transformed into recyclates.



PP and PE bottles and tubes are often designed to be placed and stored on their closures. The filling material should flow to the closure. Even so, PE tubes with high-viscosity fill products were identified as a packaging format with the highest ratio of residue quantity to fill product quantity. The emptying behaviour of these packagings could be improved, and consumers could be motivated to better squeeze the tubes out.
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Figure A1. Samples, tubes and PET bottles after cleaning. 






Figure A1. Samples, tubes and PET bottles after cleaning.
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Figure A2. Samples and PET bottles after cleaning. 






Figure A2. Samples and PET bottles after cleaning.
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Figure A3. Samples, PE bottles and cups after cleaning. 






Figure A3. Samples, PE bottles and cups after cleaning.
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Figure A4. Samples and PP bottles after cleaning. 






Figure A4. Samples and PP bottles after cleaning.
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Figure A5. Residue in tube with toothpaste before cleaning. 






Figure A5. Residue in tube with toothpaste before cleaning.
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Figure 1. Residual quantities in PE tubes (a) related to filling quantity (n = 180); (b) absolute values depending on the filling quantity (n = 180) (c) related to packaging weights (with closure, n = 125). 
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Figure 2. Residual quantities in PE tubes broken down into individual fill products (a) related to filling quantity: cream—n = 78; gel—n = 18; shampoo—n= 43; toothpaste—n= 67; (b) related to packaging weight (with and without closures). 
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Figure 3. Residual quantities in PP cups, n= 100, (a) related to filling quantity; (b) absolute values depending on the filling quantity (c) related to packaging weight (with and without lids). 
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Figure 4. Residual quantities in PP bottles (n = 109) and PE bottles (n = 157) with shower gel (a) related to filling quantity; (b) absolute values depending on the filling quantity (c) related to packaging weight (with and without lids). 
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Figure 5. Residual quantities in PET bottles (n = 82) (a) related to filling quantity; (b) absolute values depending on the filling quantity (c) related to packaging weight (with and without closures). 
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Figure 6. Residual quantities in PET bottles related to packaging weight (with lid) broken down into individual fill products: ketchup—n = 6; milk—n = 3; vegetable oil—n = 14; juice—n = 11; liquid soap—n = 2; soft drink—n = 9; handwashing detergent—n = 47; water—n = 16; mouthwash—n = 3. 
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Table 1. Emptying behaviour of various packagings; n: number of analysed samples; u. q.: upper quartile; l. q.: lower quartile; s.p.: sorting plant of a dual system; i.p.: instructed person (laboratory); m: mean values; v: various measuring series.






Table 1. Emptying behaviour of various packagings; n: number of analysed samples; u. q.: upper quartile; l. q.: lower quartile; s.p.: sorting plant of a dual system; i.p.: instructed person (laboratory); m: mean values; v: various measuring series.





	
Packaging

	
Fill Product

	
n

	
Fill Quantity

	
Residual Quantity in g

	
Residual Quantity/Fill Quantity in g/g

	
Packaging Weight (Body) in g

	
Weight Closure in g

	
Weight Label in g

	
Residual Quantity/Weight Packaging in g/g

	
Sample




	

	

	

	

	

	

	

	

	

	
Median

	
Min

	
Max

	
u. q.

	
l. q.

	






	
PE tube

	
toothpaste

	
30

	
50–125 mL

	
10.4

	
0.127

	
3.8–7.7

	
1.6–6.5

	
none

	
1.10

	
0.26

	
3.05

	
1.67

	
0.72

	
s.p.




	
PE tube

	
hair gel

	
42

	
30–200 mL

	
11.3

	
0.069

	
4.6–14.5

	
2.4–10.0

	
none

	
0.36

	
0.08

	
0.84

	
0.7

	
0.24

	
s.p.




	
PE tube

	
shampoo

	
16

	
50–200 mL

	
8.2

	
0.033

	
2.8–9.8

	
5.8–16.8

	
none

	
0.26

	
0.01

	
1.22

	
0.56

	
0.07

	
s.p.




	
PE tube

	
crème

	
30

	
50–250 mL

	
6.5

	
0.113

	
3.9–16.2

	
1.5–10.6

	
none

	
0.67

	
0.03

	
1.52

	
1

	
0.35

	
s.p.




	
PP cup

	
mostly dairy products

	
100

	
50–500 mL

	
0.8

	
0.004

	
3.8–13.5

	
n.a.

	
none

	
0.056

	
0

	
0.29

	
0.13

	
0.015

	
s.p.




	
PP cup

	
various dairy products

	
3

	
184–245 g

	
0.95–3.07

	
0.007–0.010

	
8.2–13.9 (all)

	
n.a.

	
n.a.

	
0.11–0.22, m

	

	

	

	

	
i.p. [34,42]




	
PS cup

	
various dairy products

	
3

	
130–251 g

	
1.19–1.94

	
0.007–0.013

	
7.47–9.35 (all)

	
n.a.

	
n.a.

	
0.13–0.34, m

	

	

	

	

	
i.p. [34,42]




	
PS cup

	
curd

	
37

	
500 g

	
0.3

	
0.001

	
5.7–9.3

	
≤0.56

	
none

	
0.08

	
0

	
0.29

	
0.15

	
0.04

	
s.p. [33]




	
PS cup

	
yoghurt

	
29

	
500 mL

	
0.5

	
0.001

	
11.1–17.1

	
≤1.54

	
≤0.62

	
0.036

	
0

	
0.09

	
0.05

	
0.019

	
s.p. [33]




	
PS cup

	
yoghurt

	
36

	
<500 mL

	
0.3

	
0.001

	
3.0–5.7

	
≤0.52

	
none

	
0.05

	
0

	
0.3

	
0.14

	
0.02

	
s.p. [33]




	
PS cup

	
yoghurt, dessert

	
39

	
50–200 g

	
0.1

	
n.a.

	
2.2–14.5

	
≤0.56

	
none

	
0.028

	
0.001

	
0.07

	
0.04

	
0.01

	
s.p. [33]




	
PS cup

	
yoghurt with corner

	
30

	
150 g

	
0.5

	
0.003

	
7.5–17.2

	
≤0.49

	
none

	
0.04

	
0.01

	
0.097

	
0.059

	
0.023

	
s.p. [33]




	
PS cup

	
milk rice

	
29

	
200 g

	
0.2

	
0.001

	
5.7–15.1

	
≤1.82

	
0.94

	
0.02

	
0.009

	
0.09

	
0.05

	
0.018

	
s.p. [33]




	
PS cup

	
butter milk

	
20

	
500 g

	
0.3

	
0.001

	
9.4–13.1

	
≤0.84

	
none

	
0.02

	
0.004

	
0.07

	
0.04

	
0.013

	
s.p. [33]




	
PS cup

	
butter milk drink

	
17

	
500 g

	
0.3

	
0.001

	
19.7–21.2

	
≤3.1

	
1.68

	
0.01

	
0

	
0.12

	
0.05

	
0.007

	
s.p. [33]




	
PS cup

	
butter milk dessert

	
15

	
100–300 g

	
0.2

	
n.a.

	
4.4–13.1

	
≤0.96

	
none

	
0.02

	
0

	
0.11

	
0.05

	
0.006

	
s.p. [33]




	
PS cup

	
sour cream

	
10

	
200 g

	
0.2

	
0.001

	
5.3–7.9

	
≤14

	
none

	
0.025

	
0.009

	
0.07

	
0.04

	
0.019

	
s.p. [33]




	
PS cup

	
whipped cream

	
30

	
200 mL

	
0.1

	
0.001

	
4.7–5.6

	
≤0.62

	
none

	
0.02

	
0.005

	
0.055

	
0.04

	
0.01

	
s.p. [33]




	
PS cup

	
grainy cream cheese

	
11

	
200 g

	
0.3

	
0.002

	
5.8–7.1

	
≤0.88

	
none

	
0.04

	
0.018

	
0.089

	
0.06

	
0.026

	
s.p. [33]




	
PE-HD bottle

	
shower gel

	
157

	
150–750 mL

	
9.2

	
0.034

	
16.8–60.0

	
none

	
0.64–2.24

	
0.17

	
0

	
1.01

	
0.44

	
0.06

	
s.p.




	
PP bottle

	
shower gel

	
109

	
100–750 mL

	
4.7

	
0.018

	
12.8–49.1

	
none

	
0.37–1.53

	
0.08

	
0

	
0.47

	
0.24

	
0.02

	
s.p.




	
PP bottle

	
tomato ketchup

	
6

	
380–550 g

	
25.3–108.5

	
0.051–0.29

	
22.3–31.0

	
4.7–11.1

	
0.63–1.27

	
0.67–3.94, m

	

	

	

	

	
s.p. [34,41]




	
PET bottle

	
ketchup

	
6

	
500 mL

	
12.3

	
0.025

	
28.0–42.9

	
n.a.

	
n.a.

	
0.36

	
0.09

	
0.63

	
0.49

	
0.16

	
s.p.




	
PET bottle

	
milk

	
3

	
500–1000 mL

	
1.3

	
0.001

	
20.3–29.0

	
n.a.

	
n.a.

	
0.02

	
0

	
0.14

	
0.14

	
0.01

	
s.p.




	
PET bottle

	
oil

	
14

	
250–1000 mL

	
1.1

	
0.005

	
16.4–56.1

	
n.a.

	
n.a.

	
0.06

	
0

	
0.12

	
0.06

	
0

	
s.p.




	
PET bottle

	
juice

	
11

	
330–1350 mL

	
2.1

	
0.002

	
17.8–50.6

	
n.a.

	
n.a.

	
0.02

	
0

	
0.25

	
0.12

	
0

	
s.p.




	
PET bottle

	
liquid soap

	
2

	
250 mL

	
0.6

	
0.002

	
22.5–49.2

	
n.a.

	
n.a.

	
0.01

	
0

	
0.02

	
0.02

	
0

	
s.p.




	
PET bottle

	
soft drink

	
9

	
250–1000 mL

	
1.8

	
0.003

	
14.5–76.4

	
n.a.

	
n.a.

	
0.01

	
0

	
0.15

	
0.1

	
0

	
s.p.




	
PET bottle

	
hand washing detergent

	
47

	
125–1000 mL

	
3.0

	
0.004

	
24.7–60.1

	
n.a.

	
n.a.

	
0.04

	
0

	
0.23

	
0.11

	
0.01

	
s.p.




	
PET bottle

	
mouthwash

	
3

	
600 mL

	
0.9

	
0.001

	
40.0–51.5

	
n.a.

	
n.a.

	
0.01

	
0.01

	
0.03

	
0.03

	
0.01

	
s.p.




	
PET bottle

	
various dairy products

	
3

	
126–750 g

	
1.8–20.3

	
0.005–0.06

	
7.2–31 (all)

	

	

	
0.1–0.81, m

	

	

	

	

	
i.p. [34,42]




	
PET bottle

	
water

	
16

	
500–1500 mL

	
1.7

	
0.003

	
13.9–54.2

	
n.a.

	
n.a.

	
0.01

	
0

	
0.06

	
0.05

	
0

	
s.p.




	
PET bottle

	
water

	
16–29, v

	
500 mL

	
0.5–2.5

	
0.001–0.005

	
10.8–28.4

	
1.68–2.18

	
0.27–0.62

	
0.015–0.15

	
0–0.01

	
0.05–0.62

	
0.08–0.32

	
0.002–0.07

	
i.p. [33]




	
PET bottle

	
water

	
23

	
750 mL

	
2.2

	
0.003

	
21.8–21.9

	
4.65–5.0

	
0.45

	
0.08

	
0.03

	
0.16

	
0.1

	
0.04

	
i.p. [33]




	
PET bottle

	
water

	
17–27, v

	
1000 mL

	
0.8–2.2

	
0.002–0.008

	
26.7–30.6

	
1.63–2.83

	
0.31–0.54

	
0.02–0.067

	
0–0.01

	
0.14–0.23

	
0.11–0.12

	
0.016–0.045

	
i.p. [33]




	
PET bottle

	
water

	
16–29, v

	
1500 mL

	
0.4–2.5

	
0.001–0.002

	
21.8–32.1

	
0.87–2.95

	
0.4–0.65

	
0.01–0.09

	
0–0.03

	
0.018–0.26

	
0.014–0.16

	
0.011–0.07

	
i.p. [33]




	
PET bottle

	
water

	
18

	
1750 mL

	
2.8

	
0.002

	
35.9–35.1

	
1.65–1.83

	
0.77

	
0.07

	
0

	
0.11

	
0.09

	
0.02

	
i.p. [33]




	
PET bottle

	
lemonade

	
15–23, v

	
500 mL

	
1.2–1.9

	
0.002–0.004

	
13.0–26.8

	
1.65–1.91

	
0.27–0.66

	
0.05–0.12

	
0.005–0.02

	
0.1–0.34

	
0.086–0.23

	
0.035–0.09

	
i.p. [33]




	
PET bottle

	
lemonade

	
15–20, v

	
1000 mL

	
2.3–3.8

	
0.002–0.004

	
34.7–36.0

	
2.57–2.69

	
1.27

	
0.07–0.097

	
0.06–0.084

	
0.087–0.13

	
0.082–0.107

	
0.064–0.088

	
i.p. [33]




	
PET bottle

	
ice tea

	
15

	
500 mL

	
3.1

	
0.006

	
41.9–42.1

	
2.85–2.93

	
6.0

	
0.05

	
0.03

	
0.11

	
0.07

	
0.039

	
i.p. [33]




	
PET bottle

	
ice tea

	
26–30, v

	
1500 mL

	
4.1–4.2

	
0.003

	
36.1–37.1

	
2.98–3.27

	
1.06–1.29

	
0.09–0.092

	
0–0.043

	
0.151–0.21

	
0.11–0.13

	
0.06–0.07

	
i.p. [33]
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