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 25 

Abstract 26 

Phthalate acid esters (PAEs) concentration in bottled water and different factors (water 27 

pH, storage time, sunlight exposure, and temperature) that affect/control them have become 28 

hot topics during recent years. Nevertheless, quite contradictory results and disagreements 29 

on the effects of these factors have been published. In an attempt to find some consensus on 30 

this topic, a comprehensive study considering the combined effect of long storage times 31 

(longer than a year) and the water hydrochemical signature (including water pH, elemental 32 

composition and the presence/absence of dissolved CO2) was performed using the four most 33 

commonly consumed bottled water brands on the Chilean market. Each water brand was 34 

analyzed between 10 or 14 different times, depending on the brand  (in total 97 samples were 35 

studied).   36 

Following the concept of the hydrochemical signature typically used in hydrogeology 37 

to classify types of waters, the notion of a water phthalate fingerprint was proposed. Finally, 38 

concerning the effect of long storage times, this study demonstrates that all the trends 39 

(increase, decrease or steady) of the Total PAEs concentration are possible; and these trends 40 

are controlled by the specific hydrochemical signature and phthalate fingerprint of the bottled 41 

water. 42 

 43 

 44 

 45 

Keywords: Phthalates fingerprint, PET-bottled water, hydrochemistry signature, storage 46 

time.  47 
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 49 

1. Introduction 50 

The consumption of bottled water in Chile, as well as worldwide, has steadily increased 51 

during the last few decades. According to the International Bottled Water Association, In 52 

2019 the consumption of bottled water just in the USA reached 65,500 million liters 53 

(https://bottledwater.org/bottled-water-consumption-shift/). In the last 10 years, 54 

consumption of bottled water in Chile has increased by 138%, changing water consumption 55 

from 13 liters per person in 2006 to 30 liters per person in 2018 (Daniele et al., 2019).  56 

The most commonly used material to produce water bottles is polyethylene 57 

terephthalate (PET) (Koelmans et al., 2019). PET contains some toxic and harmful 58 

compounds such as phthalates (PAEs) that may enter the water from the plastic bottles and 59 

become a threat to human health (Arfaeinia et al., 2015; Lou et al., 2018; Xu et al., 2020).  60 

Some researchers suggest that PAEs are non-intentionally added substances (NIAS) 61 

that can be incorporated into plastic material and potentially migrate into food (Salazar-62 

Beltrán, et al. 2018; Jeddi, et al. 2015; Luo, et al. 2018; Jayaweera, et al. 2020). In this 63 

context, PAEs sources have been associated with the origin of the PET container, source of 64 

waters, cap-sealing resins, quality of the raw material and chemicals used in the production 65 

and contamination in production lines (Jeddi, et al. 2015; Luo, et al. 2018; Giuliani, et al. 66 

2020). Many studies indicate that the initial levels of PAEs are often lower than those found 67 

after storage processes or when the bottle is exposed to high temperature (Montuori et al. 68 

2008; Mousa et al. 2013; Zaki et al. 2018; Jeddi et al. 2016; Keresztes et al. 2013; Szendi et 69 

al. 2018; Xu, et al. 2020). In this way, direct analysis of the bottle plastics has shown 70 

concentrations of DMP, DBP and DEHP between 0.393 - 71 mg/Kg (Salazar-Beltran et al., 71 

2018; Otero et al., 2015). In addition, a positive correlation has been found between the 72 

https://bottledwater.org/bottled-water-consumption-shift/
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bottles thickness and the levels of DBP in PET bottles and also with the concentration of 73 

DBP migrated from bottles to water (Salazar-Beltrán, et al. 2018). Furthermore, recent 74 

studies have informed high PAE concentrations in samples packaged in recycled PET bottles 75 

which suggest that the bottle material can be contaminated with PVC plastics (Keresztes et 76 

al., 2013; Dreolin et al. 2019; Thoden van Velzen et al., 2020). Consequently, these previous 77 

results indicate that PAEs (or part of them) can migrate from the polymer matrix to water. 78 

PAEs are very dangerous synthetic compounds, mainly because they can accumulate 79 

in the human body and are endocrine disrupting chemicals (EDCs) (Yousefi et al., 2019). 80 

The incipient preoccupation caused by EDCs is because they are substances that interfere in 81 

the synthesis, secretion, transport, action or excretion of natural hormones in the body, 82 

causing anomalies in reproductive development (Casals-Casas et al., 2011), infertility, 83 

hormone-dependent cancers, obesity, diabetes and neurodevelopmental disorders, among 84 

others (Schug et al., 2011). Although production and use have been regulated in the case of 85 

some EDCs, such as phthalates (Błędzka et al., 2014), many of these chemical compounds 86 

are still used in a wide range of consumer products. Consequently, six of them (i.e., 2-87 

ethylhexyl phthalate (DEHP), benzyl butyl phthalate (BBP), dibutyl phthalate (DBP), di-n-88 

octyl phthalate (DOP), di-isononyl phthalate (DINP), and di-isodecyl phthalate (DIDP)) have 89 

been placed on the priority pollutant lists of the United States Environmental Protection 90 

Agency (U.S. EPA, 2017) and the European Union (EU, 2011) and on the list of priority 91 

pollutants in Chinese waters (CEC, 2007). In addition, the World Health Organization 92 

(WHO, 2004) guideline for DEHP in drinking water (WHO/SDE/WSH/03.04/68) has 93 

established a maximum allowable concentration in drinking water of 8 μg/L, whereas the 94 

U.S. Food and Drug Administration has selected 6 μg/L as the threshold level (U.S. FDA, 95 

2012). The fact that WHO provides guidelines for DEHP in drinking water has a global 96 
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impact, it is not relevant or needed that each country has its own legislation. However, each 97 

country should at least adhere these WHO guidelines. Currently, there is no regulation at all 98 

(or specific adherence of the WHO guidelines) for any of these pollutants in South America.  99 

Phthalate concentrations in bottled water and the different factors that affect/control it 100 

have become hot research topics. As a result, new review articles summarizing the most 101 

recent discoveries appear almost every year (Luo et al., 2018; Abtahi et al., 2019; 102 

Akhbarizadeh et al., 2020). As shown by these review articles, plenty of attention has been 103 

paid to study the effect that water pH, storage time, sunlight exposure and temperature have 104 

on the water PAEs concentration. Additional detailed information on this regard is offered in 105 

Table B1 (Supplementary Information). Notwithstanding, the results are quite contradictory 106 

and there is still substantial disagreement on the effect that these factors may have on PAE 107 

concentrations (Akhbarizadeh et al., 2020). According to two comprehensive reviews (Luo 108 

et al., 2018; and Akhbarizadeh et al., 2020), most reported experiments were performed 109 

during short periods of time (a few months), whereas the quality warrant for most bottled 110 

waters is one year at least. Luo et al. (2018) indicated that long-term monitoring of phthalates 111 

in bottled water is necessary, but it is very difficult. As a result, they proposed the use of 112 

kinetic models to study the migration of phthalates from plastic bottles to bottled water as a 113 

possible alternative. In addition to the factors previously mentioned, some studies have 114 

observed that the presence of dissolved CO2 gas (sparkling water) facilitates the migration of 115 

some plastic constituents to water as well as its accumulation (Guart et al., 2014; Bach et al., 116 

2012; Montuori et al., 2008); whereas other studies did not observe any significant 117 

differences in the phthalate concentrations between sparkling and still water (Cao et al., 118 

2008). Finally, and to the best of our knowledge, there are no studies considering the effect 119 

that the physicochemical parameters and the chemical elemental composition of water (i.e., 120 
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the hydrochemical signature) may have on the initial concentration of PAEs in bottled waters 121 

and their evolution during storage. 122 

As a consequence, despite the prolific (but contradictory) literature on the PAEs 123 

concentrations of bottled water and its evolution over time, a comprehensive study 124 

considering the combined effect of long storage times (over a year) and the water 125 

hydrochemical signature (including water pH, elemental composition and the 126 

presence/absence of dissolved CO2) is missing. Therefore, a combined and comprehensive 127 

study considering these factors was performed in the present research study, using the four 128 

most commonly consumed bottled water brands on the Chilean market. In addition, this study 129 

performs a unique estimation of PAEs in Chilean bottled water and is the first study of this 130 

kind in South America. 131 

 132 

2. Materials and methods  133 

2.1.Reagents.  134 

Dimethyl phthalate (DMP), diethyl phthalate (DEP), dipropyl phthalate (DPP), DBP, 135 

BBP, 2-ethylhexyl adipate (DEHA), DEHP, and DOP were purchased from Sigma-Aldrich 136 

(Milwaukee, WI, USA). The individual stock solution of each phthalate was prepared in 137 

methanol (MeOH) at a nominal concentration of 100 mg/L. Working multistandard solutions 138 

of phthalates at nominal concentrations of 25, 50, 100, 250, 500 and 1000 µg/L were prepared 139 

by diluting the individual stock solution with methanol. All solutions were stored at 4°C.  140 

Nitrogen (purity ≥ 99.999%) and helium (99.9999%) were purchased from Linde 141 

(Santiago, Chile) and were used in the final extract evaporation and as a carrier in GC-MS, 142 

respectively. Dichloromethane (DCM), ethyl acetate (EtOAc) and nitric acid 65% (HNO3, 143 

suprapur® grade) were purchased from Merck S.A. (Santiago, Chile). Water from a 144 
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Simplicity® Water Purification System, Millipore (Darmstadt, Germany), was used. The 145 

Oasis® HLB sorptive phase from Waters Corporation (Milford, MA, USA) was used in 146 

rotating disk sorptive extraction (RDSE).  147 

 148 

2.2. Bottled water sampling campaigns and storage conditions. 149 

Commercial mineral and purified still and sparkling bottled water samples (n = 97) 150 

were collected from the four most commonly consumed water brands on the Chilean market 151 

(Daniele et al., 2019). Brand 1 y Brand 2 were selected to represent the most commonly 152 

consumed Chilean mineral water, while Brand 3 y Brand 4 were selected from the available 153 

purified water. Based on the results offered by previous studies (Daniele et al., 2019), the 154 

eight types of water selected in the present study (including still and sparkling water) ensure 155 

broad ranges of physicochemical parameters and elemental compositions.  156 

The bottled water samples were purchased on the first day of each month from July 157 

2016 to July 2017 from the same supermarket in Santiago, Chile. On the few occasions that 158 

the packing dates of the bottled water were the same during 2 consecutive monthly samplings, 159 

the repeated sample was not acquired. Avoiding the inclusion of any other variable in the 160 

present study (apart from storage time and hydrochemistry), all of the bottled water samples 161 

(disregarding the brand) had the same size (500 mL), were packed in PET plastic bottles with 162 

high density polyethylene (HDPE) plastic caps with no cap liners and stored in darkness at 163 

room temperature (25 ± 4 °C). The aging time of the water within the bottles spanned from 164 

54 to 615 days, and the storage time was calculated by counting the days from the packing 165 

date to the analysis date (day when the bottle was opened and physicochemical parameters 166 

analysis and phthalate extraction and analysis were performed).  167 

 168 
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2.3. Chemical analyses and laboratory measurements 169 

The physicochemical parameters (pH, conductivity, and alkalinity), as well as the 170 

elemental and phthalate concentrations, were measured for all water samples. For these 171 

measurements, several volumes of each bottled water were obtained. First, immediately after 172 

opening a bottle, 30 mL of water was transferred to a glass vial to measure the pH and 173 

electrical conductivity (EC), while another 40 mL aliquot of water was used to measure the 174 

total alkalinity by volumetric titration with HCl 0.01 N and potentiometric determination of 175 

the final point at pH 4.5. Second, 50 mL of water was transferred to a plastic bottle and 176 

acidified using HNO3 Suprapur until reaching a pH value close to 1; the sample was then 177 

stored in a refrigerator at 4 °C until analysis. These samples were analyzed for 70 elements 178 

by inductively coupled plasma mass spectrometry (ICP-MS) or inductively coupled plasma 179 

optical emission spectrometry (ICP-OES). Third, a 60 mL aliquot was split into three glass 180 

vials (20 mL each) to perform rotating disk sorptive extraction (RDSE) for phthalate 181 

extraction and subsequent analysis by gas chromatography mass spectrometry (GC-MS) as 182 

described in our previous work (Manzo et al., 2019).   183 

Physicochemical parameters such as pH and EC were measured using a Thermo Orion 184 

Star A329 portable meter with the following electrodes: for pH, Orion 8107UWMMD, and 185 

for EC, Orion 013010MD. The calibration solutions used were: Orion pH buffers 910104 186 

(pH 4.01), 910107 (pH 7.00), and 910110 (pH 10.01) and EC standards Orion 011007 and 187 

Orion 011006. All the electrodes were properly calibrated before each measurement. 188 

Dissolved element analyses were performed by ICP-MS and ICP-OES at an external 189 

analytical company (i.e., Bureau Veritas/Acmelabs) using a commercial analytical package 190 

(i.e., ICP-MS S0200 analysis for natural waters). The detection limits achieved were lower 191 
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than the regulatory limits proposed by the World Health Organization (WHO, 2008) and the 192 

US Environmental Protection Agency (USEPA, 2017). The specific values of these limits 193 

and the results of the elemental analyses are provided in Table A1 (Appendix A). 194 

Additionally, to perform quality control on some samples, an ICP-MS iCAPTM RQ was used. 195 

Phthalate analyses are easily affected by cross contamination at different stages from 196 

sampling to the final instrumental analyses; therefore, several precautions are typically 197 

undertaken to study these compounds (Bach et al., 2012). Specifically, the following 198 

precautions were considered in the present study: glass materials (vials, pipettes, bottles, 199 

syringes, etc.) were used during all the steps of the analytical process, and the use of any kind 200 

of plastic was forbidden; all the solvents and GC-MS vials aluminum septa used in this study 201 

were checked independently to ensure they were free of phthalates. The phthalate 202 

concentrations were obtained using a Thermo Scientific Trace 1300 gas chromatograph 203 

(Milan, Italy) coupled to a Thermo Fisher Scientific ISQ mass-selective detector (Austin, 204 

TX, USA) (GC-MS). All the equipment characteristics and chromatography parameters were 205 

previously reported by Manzo et al. (2019). That previous study also included the methods 206 

for determining accuracy of the method used in this study and for obtaining the detection and 207 

quantification limits and relative standard deviation, being them in the ranges 0.01–0.04 µg/L 208 

and 1–16%, respectively, for all the analytes (Manzo et al., 2019). 209 

To ensure instrument stability and the feasibility of the results, the following quality 210 

control analysis were taken account: a full set of calibration phthalate standards (ranging from 211 

0.10 to 100 µg/L) and the internal standard at 25 µg/L were analyzed before and after each 212 

set of samples. In addition, one standard was run as a control after every 9 injections. Blank 213 

contributions were taken account making analysis with water storage in glass bottle (Manzo 214 

et al., 2019). Phthalates extraction and analyses were performed in triplicate. The mean 215 
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values and relative standard deviations of the phthalate concentrations in each bottled water 216 

sample are shown in Table A1 (Appendix A).  217 

To evaluate the matrix effect and the recovery of working with different kinds of 218 

samples, both parameters were studied for each brand (still and sparkling) using the method 219 

proposed by Becerra-Herrera et al. (2015). The results were reported in our previous 220 

publication, Manzo et al. (2019), in which the methodology was validated. 221 

 222 

2.4. Statistical analyses 223 

The generated database with all the elemental and phthalate concentrations (Table A.1, 224 

Appendix A) was filtered and adjusted according the following criteria: 1) all the values 225 

reported as being below the detection limit (LOD) were changed according to the values 226 

resulting from dividing the specific detection limit value by the square root of 2 (Hites, 2019; 227 

Serrano et al., 2014); 2) when the compound concentration was between the LOD and 228 

quantification limit (LOQ), the value used was the LOD (because the phthalate was detected 229 

but unquantified). An additional criterion was used to filter the database before submitting it 230 

to any statistical analysis: any set of data with more than 20% of data under the LOQ was not 231 

suitable to be included in any statistical analysis (Hites, 2019).  232 

Principal component analysis (PCA) was performed. PCA is a frequently used 233 

multivariate statistical technique used in exploratory data analysis to reveal the internal 234 

structure of data in a way that best explains their variance. PCA was carried out using the 235 

XLSTAT-Pro v.5.1 software and by means of a Spearman's correlation matrix (0.05 236 

significance level, 2 tailed test) for the variables and samples. Bi-plots graphics were used to 237 

examine the distribution and tendencies of both the samples and variables of the data matrix. 238 

 239 
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3. Results 240 

3.1. Bibliographic study of the Total PAE concentrations in bottled water 241 

Most references explain individual phthalate concentrations in bottled waters, but it is 242 

important to also pay attention to the Total PAEs (total sum of the individual levels of each 243 

phthalate in a sample) concentration obtained in these samples. Thus, before analyzing the 244 

results of the individual and Total PAE concentrations found in our research, a bibliographic 245 

study of the Total PAEs concentration in bottled water was performed. It is important to 246 

mention that DEHP and DBP are usually the major compounds, representing between 80-247 

100% of the Total PAEs, because all the references selected analyzed both of these 248 

compounds. As shown by the most recent and comprehensive reviews on the phthalate 249 

concentration in bottled water (Luo et al., 2018; Abtahi et al., 2019; Akhbarizadeh et al., 250 

2020), the number of individual phthalates typically measured ranges from 1 to 6, although 251 

most studies frequently cover between 3 to 6 different phthalates. A suitable option to 252 

homogenize all this valuable information is by generating the Total PAEs. However, this 253 

parameter was not calculated in the aforementioned reviews (or in any other, as far as we 254 

know). As a result, a bibliographic database including 15 different research works from 14 255 

countries around the world was assembled as part of the present study. The information used 256 

to generate the graphic in figure 2 and the corresponding references are included in Table A1 257 

and Appendix A, respectively (Supplementary Information). Table A1 also summarizes other 258 

specific information offered in these studies (e.g., country, storage time, pH, conductivity 259 

and specific and Total PAEs concentrations). This information supports the idea (already 260 

presented in the introduction) that there is still substantial disagreement on the effect that 261 

water pH, storage time, sunlight exposure and temperature (among other) may have on PAE 262 

concentrations. As shown by the histogram in Figure 2, the data have a non-normal 263 
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distribution with a high degree of skewness, and most of the data (75%percentile = 2.54) are 264 

shifted to lower values. As a result, at least seven of the higher values in the database (higher 265 

than 5.9) could be considered to be statistical outliers. However, they are maintained in the 266 

database because they are validated analytical data representing part of the heterogeneous 267 

reality of the Total PAEs concentration of bottled water. The skewness of the data set can 268 

also be observed in the significant differences in the mean (2.00) and median (1.10).  269 

Using a bibliographic database (127 samples, 15 different studies, 14 countries), the 270 

following classification for Total PAEs in bottled waters was proposed: low = <1 𝜇g/L (50% 271 

percentile), intermediate = 1−2.5 𝜇g/L (75% percentile), high = 2.5−6.93 𝜇g/L (95% 272 

percentile), and very high >6.93 𝜇g/L (99% percentile). This classification is used in our 273 

work to describe the bottled water analyzed the present study according to their Total PAEs 274 

concentrations. 275 

 276 

3.2. Bottled water hydrochemical signatures 277 

The results obtained for the four bottled water brands in the present study (Table A.2, 278 

Appendix A) are in very good agreement with data previously reported by Daniele et al. 279 

(2019). As can be inferred from Figure 1, the types of bottled water studied can be classified 280 

as follows: 1) Brand 1 is a Ca-Sulphate-Bicarbonate water with high Na and Cl 281 

concentrations, 2) Brand 2 is a Ca-Na-Bicarbonate water, 3) Brand 3 is a Na-Chloride-282 

Sulphate water, and 4) Brand 4 is a Ca-Chloride water. As can be deduced from the electrical 283 

conductivity values and the elemental concentrations, the two mineral types of water (i.e., 284 

Brand 1 and Brand 2) have higher total dissolved concentrations, whereas the two purified 285 

water brands (i.e., Brand 3 and Brand 4) have much lower total dissolved concentrations. In 286 

accordance with the data presented by Daniele et al., (2019) these types of water show a 287 
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decrease in their mineralization degree, moving from low mineralization (Brand 1), to very 288 

low mineralization (Brand 2 and Brand 4) and oligomineral (Brand 3). As expected, the 289 

addition of CO2 gas to bottled water affected its pH (decreasing it from values ranging 6-8 to 290 

a range of 4-5) but not its elemental composition (Figure 1). The possible influence that these 291 

very different hydrochemical conditions may have on the concentration of phthalates is 292 

discussed in section 4.1. 293 

 294 

3.3. Bottled water phthalate fingerprints 295 

Regarding the concentrations of phthalates in the samples in the present study, from 296 

the 8 studied compounds, (i.e., DEP, DBP, DEHP, DEHA, DOP, DMP, DPP, and BBP), 297 

only the first 5 (in bold) were quantified in all the bottled water brands (Figure 3). Generally 298 

speaking, DEHP, DBP and DEP are the three major phthalates in all mineral and purified 299 

water. On the other hand, DEHA and DOP can be considered to be minor constituents of 300 

these waters and were even not detected in a few cases. Notice that the terms major and minor 301 

are used here to categorize phthalates within the reality of these water brands, in which all 302 

phthalates are already present in trace concentrations if compared with the other dissolved 303 

elements (Figure 1).   304 

Seeking to define the phthalate fingerprint of each bottled water brand, the results are 305 

discussed in more detail by brand: 306 

- Brand 1: both still and sparkling water characterized by very high concentrations 307 

of Total PAEs. Still water, compared with sparkling water, has higher 308 

concentrations of all the quantified phthalates, except DEHP. Therefore, following 309 

a similar logic as the hydrochemical categorization used in the present study, still 310 
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water could be categorized as a DEP-DBP-type water with very high Total PAEs, 311 

while sparkling water could be labeled as a DEHP-type water with very high Total 312 

PAEs. 313 

- Brand 2: both still and sparkling water with an intermediate Total PAEs 314 

concentration. All 5 phthalates were detected in both types of water but at low 315 

concentrations. Both still and sparkling water could be labeled as DEHP-type water 316 

with intermediate Total PAEs. 317 

- Brand 3: still water with and intermediate to high Total PAEs concentration, 318 

whereas sparkling water has a low to intermediate Total PAEs concentration. Only 319 

three (i.e., DEP, DBP and DEHP) of the 5 typical phthalates were detected in both 320 

types of water but at low concentrations. Still water can be categorized as a DEP-321 

type water with intermediate/high Total PAEs, while sparkling water can be labeled 322 

a DEHP-type water with low/intermediate Total PAEs. 323 

- Brand 4: still and sparkling waters with quite different phthalates concentrations. 324 

The five main phthalates were detected in almost all the samples, although DEHP 325 

was the main detected phthalate and predominantly controlled the obtained Total 326 

PAEs values. Still water can be considered a DEHP-type water with a high Total 327 

PAEs concentration, while sparkling water can be categorized as a DEHP-DBP-328 

type water with a very high Total PAEs concentration.  329 

 330 

In addition, despite the high levels of Total PAEs found in the studied Chilean bottled 331 

water, if those samples are compared with the DEHP threshold limits proposed by the WHO 332 

(WHO, 2008) or the US FDA (U.S. FDA, 2012), only some Brand 4 sparkling water samples 333 

are slightly over both limits and most Brand 1 sparkling water samples are over the US FDA 334 
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limit. All the other water samples are clearly and safely below these international regulatory 335 

threshold limits.  336 

 337 

4. Discussions 338 

4.1. Hydrochemical control of the bottled water phthalate fingerprint   339 

It is important to observe that almost all the analyzed elements showed a very narrow 340 

range of concentration for each bottled water brand (Figure 1 and Table A.2, Appendix A), 341 

and no significant variations were observed during the aging experiment (Figures B.1 to B.8, 342 

Appendix B). The very small aleatory fluctuations observed in the concentrations of most 343 

elements did not exhibit any increasing or decreasing trend, and could be attributed to the 344 

natural fluctuations of the water composition at the bottling source. As a result, it can be 345 

assumed that the water chemistry (including the main physicochemical parameters as well as 346 

the major, minor and trace elements concentrations) of each bottled water brand remained 347 

virtually constant during the aging experiment. 348 

By means of PCA, the weight that the main experimental variables had on the phthalate 349 

concentration during the aging experiment was studied. To this end, the following variables 350 

were considered: pH, electrical conductivity (µS/cm), storage time (days), and Total PAEs 351 

(µg/L). Water electrical conductivity is highly correlated with the main dissolved elements 352 

(both cations and anions) and can be considered a perfect proxy summarizing the general 353 

water chemical composition (McCleskey et al., 2012). This reduction of the database also 354 

responds to the need to not have any missing values (not all elements and phthalates were 355 

quantified in all samples) in any of the variables, so the PCA study could be properly 356 

performed using the 97 water samples available. 357 
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As shown in Figure 4a, 94.54% of the original variance in the dataset can be 358 

represented by three factors. F1 clearly controls the variability of both electrical conductivity 359 

and Total PAEs, whereas F2 and F3 better explain the variability exhibited by storage time 360 

and pH value, respectively. Taking also into account the F1, F2 and F3 loading factors for 361 

Total PAEs (0.879, -0.221 and 0.016, respectively), it can be inferred that the water elemental 362 

composition (represented by the electrical conductivity) strongly controls the initial 363 

generation of the water phthalate fingerprint, while storage time has a small effect on Total 364 

PAEs variability and water pH does not affect either the Total PAE initial fingerprint or 365 

evolution of water over time. 366 

If the database is split into still and sparkling water and each set of samples is submitted 367 

to a PCA study, it can be observed how the Total PAEs in still water show the same behavior 368 

previously discussed for all the water brands. However, the sparkling water samples show 369 

some relevant differences. On the one hand, F1 (61.23%) clearly controls the variability of 370 

the electrical conductivity and also the variability of the pH values, while F2 (23.85%) 371 

perfectly explains the variability of the storage time. However, the Total PAEs loading factor 372 

is 0.707 and 0.477 for F1 and F2, respectively. Therefore, although most of the variability of 373 

Total PAEs is explained by F1 (as in the study comprising all the samples), an important 374 

amount of the variability is also explained by F2. As a result, the variability of Total PAEs 375 

in sparkling water is mainly due to the initial water elemental composition and pH but it is 376 

also affected by the storage time. 377 

Once the main principal components have been assigned and discussed, it is very useful 378 

to also examine the distribution and tendencies of both the samples and the variables of a 379 

data matrix by means of a bi-plot graphic. As shown in Figure 5, single observations (i.e., 380 

individual bottled waters) are plotted by groups that reflect the general hydrochemical and 381 
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phthalate fingerprints of each water brand. For example, because the Brand 1 samples are 382 

characterized by high electrical conductivity and a high Total PAEs concentration, they are 383 

located on the very right of the F1 axis (i.e., higher F1 factors scores with F1 controlling 384 

electrical conductivity and Total PAEs). On the contrary, because the Brand 3 samples are 385 

oligomineral, with low electrical conductivity and a low Total PAEs concentration, they are 386 

plotted on the very left of the bi-plot graphic (i.e., negative factor scores for F1).  387 

 388 

4.2. Influence of the storage time on the bottled water phthalate concentration.  389 

The bi-plot graphic in Figure 5 also shows that the individual observations are 390 

distributed following some discernible patterns. On the one hand, Brand 1 still and Brand 4 391 

sparkling waters show a significant tendency (along the aging experiment) to move to higher 392 

positive and negative factor scores for F1 and F2, respectively (marked by red dotted arrows) 393 

(Figure 5). On the other hand, Brand 3 still and sparkling waters showed a very different 394 

tendency of moving to higher negative factor scores for both F1 and F2 (marked by green 395 

dotted arrows) (Figure 5). These behaviors could be explained by a tendency to increase 396 

(Brand 1 still and Brand 4 sparkling) or decrease (Brand 3 still and sparkling) the Total PAEs 397 

concentration as the storage time increased. All the other water samples (i.e., Brand 2 still 398 

and sparkling and Brand 4 still) showed a more subtle tendency that could be interpreted as 399 

a slight tendency toward increasing Total PAEs as the storage time increased (Figure 5).  400 

Following the previous observations, the studied bottled waters were organized into 401 

four different categories depending on the Total PAEs ratio (RTPAEs) at the end of the aging 402 

experiment (Total PAEs concentration the last day of the experiment divided by Total PAEs 403 

concentration the first day of the experiment). 404 
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Using this categorization, the influence that the storage time had on individual 405 

phthalate water concentrations was also discussed: 406 

- 1) High phthalate concentrations increase (RTPAEs ≥ 4 and red dotted arrows in 407 

Figure 5): it can be observed how the Total PAEs concentrations of both waters 408 

show a fluctuating increase from initial values of 5.8 and 4.6g/L to final values of 409 

24.8 and 20.6 g/L after 441 and 501 days of storage (Figure 6). These increments 410 

of the Total PAEs concentration are mainly due to the increase over time of the 411 

DEP and DBP concentrations and DEHP and DBP concentrations for Brand 1 still 412 

and Brand 4 sparkling waters, respectively.  413 

- 2) Moderate phthalate concentrations increase (1.5 ≤ RTPAEs < 4 and orange dotted 414 

arrows in Figure 5): Three waters are included in this category, Brand 1 (sparkling) 415 

and Brand 2 (still and sparkling). These three type of waters show very similar 416 

RTPAEs values, approximately 2, with the important difference that the increment of 417 

Total PAEs in Brand 1 doubles the already high initial concentration from 8.2 to 418 

16.9 g/L in 324 days; whereas Brand 2 waters (still and sparkling) increase by 1.6 419 

and 2 times from their low initial concentrations of 1.5 and 1.4 g/L to 2.3 and 2.8 420 

g/L in 457 and 452 days, respectively (Figure 6). 421 

- 3) No phthalate concentrations increase or decrease (RTPAEs  1 and yellow dotted 422 

arrow in Figure 5): only Brand 4 still water is included in this category, for which 423 

no increasing or decreasing tendency can be observed for any of the detected 424 

phthalates.  425 

- 4) Phthalate concentrations decrease (RTPAEs  0.5 and green dotted arrows in 426 

Figure 5): both still and sparkling Brand 3 waters fell within this category, in which 427 
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a decrease in Total PAEs with increasing storage time can be observed. These 428 

waters started the aging experiment with already low phthalate concentrations that 429 

decreased by one-half, showing final values of 2.2 and 0.6 g/L after 432 and 448 430 

storage days for still and sparkling waters, respectively. 431 

It is very relevant to observe that increasing or decreasing processes that affect the 432 

phthalate concentration in bottled water showed different delay times to modify the initial 433 

phthalates concentrations in a substantial way (Figure 6). Specifically, if doubling the initial 434 

Total PAEs concentration is considered a clearly discernible increment, some bottled waters 435 

achieved this increment just after 259 days (i.e., Brand 1 still) whereas others reached such 436 

increase after much longer storage periods like 453 days or even more (i.e., Brand 4 437 

sparkling). On the other hand, it takes approximately 400 days of storage to observe a clear 438 

decrease in the phthalate concentration. 439 

  440 

5. Conclusions 441 

The following main conclusions can be drawn from the present study: 442 

-The studied Chilean bottled waters showed intermediate to very high concentrations of 443 

Total PAEs. However, only some Brand 4 sparkling waters are slightly over the WHO 444 

(WHO, 2008) and the US FDA (U.S. FDA, 2012) limits and most Brand 1 sparkling 445 

waters are over the US FDA limit. 446 

- The following 5 phthalates fingerprints were defined: 1) DEP-DBP-type waters with 447 

very high Total PAEs (Brand 1 still), 2) DEHP-type waters with very high Total PAEs 448 

(Brand 1 sparkling), 3) DEHP-type waters ranging from low to high Total PAEs 449 

(Brand 2 still and sparkling, Brand 3 sparkling, and Brand 4 still), 4) DEP-type waters 450 
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with intermediate/high Total PAEs (Brand 3 still), 5) DEHP-DBP-type waters with 451 

very high Total PAEs (Brand 4 sparkling). 452 

- It was confirmed, for the first time, that the water elemental composition (not pH) 453 

strongly controls the initial generation of the water phthalate fingerprint. As a result, 454 

higher water mineralizations induce higher Total PAEs concentrations. The present 455 

results also suggest that water pH (more acid for sparkling waters and neutral for still 456 

waters) may have some effect on the relative proportion of the detected phthalates but 457 

(in most cases) does not affect the Total PAEs concentration of waters of the same 458 

brand.   459 

- Long storage times (more than a year) may increase, decrease or not affect the water 460 

phthalate concentrations at all. These observations confirm that the discrepancies of 461 

the many papers on this topic are because all trends are possible. Specifically, 462 

although most waters showed some increments over time on their Total PAEs 463 

concentration (with clearly discernible increments taking place between 259 and 453 464 

days of storage, depending on the specific bottled water); some waters with a very 465 

low initial mineralization and Total PAEs concentration showed a late decrease in 466 

their final Total PAEs concentration (approximately after 400 days of storage). As a 467 

result, if the bottled waters are consumed before their expiration date (typically one 468 

year), then their Total PAEs concentration will mostly depend on the water initial 469 

hydrochemical signatures and phthalate fingerprint.  470 
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Figure 1. Box-plot diagrams showing the concentration distributions of the 5 major 639 

(HCO3
-, SO4

2-, Ca2+, Cl-, and Na+) and 2 minor (Mg2+, and Si4+) elements, pH, and electrical 640 

conductivity during the experiment. B1 = Brand 1, B2 = Brand 2, B3 = Brand 3, B4 = Brand 641 

4; no superscript = still water, * = sparkling water. Central marks indicate the median; the 642 

bottom and top edges of the boxes indicate the 25th and 75th percentiles, respectively; 643 

whiskers extend to the 5th and 95th percentiles; and data out of this last range (outliers) are 644 

plotted individually using circles. 645 

Figure 2. Total PAEs histogram and box-plot graphic generated from the 127 samples 646 

in the Total PAEs bibliographic database. Colors are used to categorize the samples as having 647 

low (green), intermediate (yellow), high (orange) and very high (red) Total PAEs contents 648 

using the 50%, 75% and 95% percentiles, respectively, as cutoff lines. 649 

Figure 3. Box-plots showing the concentration distributions of the 5 phthalates under 650 

study during this experiment. B1 = Brand 1, B2 = Brand 2, B3 = Brand 3, B4 = Brand 4; no 651 

superscript = still water, * = sparkling water. The same abbreviations and comments used in 652 

Figure 1 apply to this figure. The DEHP threshold values from the World Health 653 

Organization (WHO) and the U.S. Food and Drug Administration (FDA) are included. The 654 

same scale for Total PAEs previously defined in section 3.2 is applied to the Total PAEs 655 

graphic. 656 

Figure 4. Principal component analysis plotting the loadings values obtained for the 657 

first and second and first and third factors. Upper graphics (a) were obtained using all the 658 

water samples whereas lower graphics (b) were generated using just the still waters. 659 

Figure 5. Bi-plot graphic showing both the samples and main variables of the bottled 660 

water database in the present study. Empty symbols correspond to still water, whereas grey 661 
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filled symbols are sparkling water. The large black dots mark the position in the graphic of 662 

the 4 main variables of the study as a function of F1 and F2. 663 

Figure 6. Phthalate concentration variations during the aging experiment. No 664 

superscript = still water, * = sparkling water. 665 

 666 
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Figure 6

DEP DBP DEHA DEHP DOP TotalPAEs 

Figure 6. Phthalate concentration variations during the aging experiment. No 

superscript = still water, * = sparkling water. 
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