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ABSTRACT 17 

Organophosphate esters (OPEs) are ubiquitous in the environment and may pose 18 

potential health risks to humans. Drinking water is suspected as one possible exposure 19 

pathway of OPEs to humans. In this study, we investigated the residues of 9 OPEs in 20 

five types of drinking water in Eastern China. The median concentrations of Σ9OPEs 21 

were determined to be 3.99, 4.50, 27.6, 59.2 and 192 ng/L in the bottled, well, 22 

barreled, direct drinking and tap waters, respectively. Triethyl phosphate (TEP) was 23 

the most abundant OPE in the tap water and direct drinking water with median 24 

concentrations of 50.2 and 30.2 ng/L, respectively. Tri(chloropropyl) phosphate 25 

(TCPP, including tri(chloroisopropyl) phosphate, TCIPP) dominated in the barreled 26 

and well water with median concentrations of 8.04 and 2.49 ng/L, respectively. The 27 

calculated average daily doses of OPEs ranged from 0.14 to 7.07 ng/kg bw/day for 28 

people consuming the five different types of drinking water. Among the drinking 29 

water, the tap water exhibited the highest exposure doses of OPEs. The calculated 30 

non-cancer hazard quotients (10-4-10-7) from OPEs were much lower than the 31 

theoretical threshold of risk. The carcinogenic risks posed by TCEP were very low 32 

(<10-7) for all types of drinking water. The results revealed that there was currently 33 

low risk to human health from exposure to OPEs through drinking water in Eastern 34 

China. 35 

Keywords: Organophosphate esters, drinking water, exposure assessment, 36 

non-cancer risk, carcinogenic risk  37 
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Highlights 38 

 Residuals of OPEs in drinking water were investigated in eastern China 39 

 Uptake of OPEs from tap water is higher than from other drinking waters 40 

 The ADD of OPEs via drinking water are not less than airborne exposure for 41 

adults 42 

 Non-cancer and carcinogenic risks of OPEs for people via drinking water are low 43 
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1. Introduction 44 

Organophosphate esters (OPEs), also known as organophosphate flame retardants 45 

and plasticizers, have become increasingly prosperous since the restriction and 46 

phase-out of brominated flame retardants (BFRs), such as polybrominated diphenyl 47 

ethers (PBDEs) (USEPA, 2005). The market demand for OPEs in Europe was 93,000 48 

tons in 2006, accounting for 20% of the total annual flame retardants (FR) 49 

consumption (van der Veen and de Boer, 2012). In China, the OPE production was 50 

more than 70,000 tons in 2007 and was estimated to increase 15% annually (Ou, 51 

2011). 52 

However, a growing number of toxicological studies have revealed that several 53 

OPEs may cause adverse effects in organisms. Chlorinated alkyl phosphates, such as 54 

tri(2-chloroethyl) phosphate (TCEP) and tri(1,3-dichloroisopropyl) phosphate 55 

(TDCIPP), were observed to cause tumor growth in different organs in rodents after 56 

long-term exposure and thus are suspect carcinogens (WHO, 1998). TCEP has been 57 

classified as a “potential human carcinogen” (carcinogen category 3) by the EU in 58 

2008 (EU, 2008). TDCIPP was added to California’s Proposition 65 List of Potential 59 

Carcinogens in 2011 (Stapleton et al., 2012). Moreover, TDCIPP was also identified 60 

to have neurotoxic properties in PC12 cells (Dishaw et al., 2011), and caused 61 

reproductive and developmental toxicity in zebrafish (Fu et al., 2013; Liu et al., 2013). 62 

In addition, several studies have suggested that OPEs may be associated with certain 63 

effects on human health, such as mucosal irritation and hormone level alteration 64 

(Kanazawa et al., 2010; Meeker and Stapleton, 2009). Even so, the current 65 
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information is still limited regarding the toxicological effects of OPEs. To better 66 

understand their adverse effects, the U.S. Environmental Protection Agency (USEPA) 67 

is currently conducting full risk assessments on some OPEs (USEPA, 2013a). 68 

In most cases, OPEs are used as additives and are not chemically bonded to 69 

materials, being thus able to diffuse easily into the environment (Marklund et al., 70 

2003; Wensing et al., 2005). The occurrence of OPEs has been proven in various 71 

environmental matrices, including air (Saito et al., 2007; Salamova et al., 2014), dust 72 

(Van den Eede et al., 2011), water (Cristale et al., 2013b; Schaider et al., 2014; Wang 73 

et al., 2014), sediment (Cristale et al., 2013a), and soil (Fries and Mihajlović, 2011). 74 

Furthermore, organisms may be exposed to OPEs through various pathways such as 75 

inhalation, ingestion and dermal contact (Wei et al., 2015). OPEs and their 76 

metabolites have been detected in wildlife (Greaves and Letcher, 2014) and human 77 

tissues (Sundkvist et al., 2010; Van den Eede et al., 2013). 78 

Given the relatively high water-solubility of most OPEs, their occurrence in various 79 

water bodies, especially in drinking water, is an increasing issue of concern 80 

worldwide,. The technologies currently employed in the production of drinking water 81 

are believed to have limited OPE removal capacity, since these substances have been 82 

detected in drinking water from the United States (Benotti et al., 2009), Spain (Rodil 83 

et al., 2012), South Korea (Kim et al., 2007), and China (Li et al., 2014). The 84 

consumption of drinking water may be an important pathway of OPE exposure for 85 

humans. However, the risk has not been well investigated to date.  86 

In China, tap water is available in most urban areas. However, in some cases, 87 
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people drink tap water after boiling to reduce the risk of microbiological 88 

contamination and improve the taste and smell of water. Additional devices with 89 

activated carbon filtration and/or membrane processes are often used to produce direct 90 

drinking water from tap water in some households. In addition, commodity water 91 

(packed in bottles or barrels) is also popular, especially in the work environment. In 92 

rural areas, untreated well water (groundwater) is the main drinking water source. A 93 

description of the various drinking waters is detailed in the Supporting Information.  94 

In the study, we have collected five types of drinking water samples including tap 95 

water, direct drinking water, bottled water, barreled water, and well water from both 96 

urban and rural areas in Eastern China. The residues and profiles of OPEs were 97 

analyzed in these water samples. A preliminary exposure risk was also estimated for 98 

the local residents by consumption of drinking water based on the measured 99 

concentrations of OPEs.  100 

 101 

2. Materials and methods 102 

2.1. Chemicals and reagents 103 

Triethyl phosphate (TEP, 99.9%), tri-n-butyl phosphate (TnBP, 99.5%), tri-n-propyl 104 

phosphate (TnPP, 99.5%), TCEP (98.5%), tributoxyethyl phosphate (TBEP, 93.0%) 105 

were purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). Triphenyl 106 

phosphate (TPhP, 100%), TCPP, 99.9%, TDCIPP (97.8%) were obtained from 107 

Accustandard Inc. (New Haven, CT, USA). Tricresyl phosphate (TCrP, 99%, mixture 108 

of isomers) was obtained from J & K Scientific (Beijing, China). Isotope-labeled 109 
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standards tributyl phosphate (TBP-d27, 98-99%) and TPhP-d15 were purchased from 110 

Cambridge Isotope Laboratories Inc. (Andover, MA, USA) and Sigma-Aldrich (St. 111 

Louis, MO, USA), respectively. 112 

Acetonitrile and methanol were LC/MS grade from J.T. Baker, Inc. (Phillipsburg, 113 

NJ, USA) and Fisher Scientific Co. LLC (Fair Lawn, NJ, USA), respectively. 114 

Ultra-pure water (UPW, 18.2 MΩ) was produced with a Milli-Q Gradient system 115 

(Millipore, Bedford, USA). 116 

Individual stock solutions of analytes and isotope-labeled standards were prepared 117 

in acetonitrile and kept at 4 C. Working standard solutions were prepared by mixing 118 

the stock solutions and diluting with methanol. 119 

2.2. Sample collection 120 

All water samples were collected in Hangzhou and Quzhou, Eastern China during 121 

April to July 2014. Tap water (n=21) was sampled in kitchens from 21 households in 122 

urban communities. In the same households or communities, direct drinking water 123 

(n=17) which was produced from tap water by household filtering apparatuses (seven 124 

samples, H1-H7) or public purifying machines (ten samples, P1-P10) were also 125 

collected when available. Well water (n=19) was sampled from rural areas. Bottled 126 

water (n=23) and barreled water (n=19) was purchased from local markets. The 127 

bottled water was packaged in 550-1000 mL polyethylene terephthalate bottles. The 128 

barreled water was packaged in 18.9 L polycarbonate plastic barrels. Detailed 129 

description of the drinking waters is given in the Supporting Information. All samples 130 

were stored at 4 C until analysis. The analysis was conducted within 48 h after 131 
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sampling. 132 

2.3. Analytical methods 133 

One L of water sample was spiked with 10 ng TBP-d27 as internal standard and 134 

extracted using solid phase extraction with cartridge (Oasis® HLB, 60 mg, 3cc: 135 

Waters, USA) which was conditioned sequentially with 3 mL acetonitrile and 3 mL 136 

water prior to loading. The water sample was loaded on the cartridge at a flow rate of 137 

4-5 mL/min. After loading, the cartridge was washed with 3 mL UPW and then dried 138 

under vacuum. Analytes were then eluted with 2 × 2 mL acetonitrile at a flow rate of 139 

approximately 1 mL/min. The eluent was concentrated to near dryness under a gentle 140 

stream of nitrogen. After adding 10 ng TPhP-d15, the analytes were reconstituted to 141 

0.5 mL with methanol. Finally, the sample was filtered (0.2 μm, Waters, USA) before 142 

UPLC-MS/MS analysis. 143 

The quantification of OPEs was performed on an ultra-performance liquid 144 

chromatography tandem mass spectrometry system (Xevo TQ-S, Waters, USA). The 145 

operation conditions of the instrument were described in our previous study (Yang et 146 

al., 2014). In brief, a 2 μL sample was injected into a Waters BEH C18 column (2.1 147 

mm × 50 mm, 1.7 μm) coupled with a VanGuard precolumn (C18, 2.1 mm × 5 mm, 148 

1.7 μm). A binary gradient of water (A) and acetonitrile (B), both containing 0.1% 149 

formic acid, was used for the separation of analytes at a flow rate of 0.4 mL/min. The 150 

gradient was as follows (with reference to B): 0 min 10% B, 4 min 50% B, 6 min 50% 151 

B, 7 min 100% B, 9 min 100% B, and 10 min 10% B. The mass spectrometry was run 152 

in positive electrospray ionization mode with multiple reaction monitoring. The 153 
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capillary voltage was 3.5 kV. Nitrogen and argon served as desolvation gas with a 154 

flow of 800 L/h at 400 C and collision gas, respectively. The detection parameters of 155 

each OPE compound are shown in Table S1 and Figure S1 of the Supporting 156 

Information. 157 

2.4. QA/QC  158 

The limit of detection (LOD) of OPEs was defined as three times of signal to noise 159 

(S/N=3) and ranged from 2 to 25 pg/L in water sample (Table S1 in Supporting 160 

Information). Instead of any substitution for the data below the LODs，the so-called 161 

nondetects were included in statistical analysis without modification (Helsel, 2006) to 162 

reduce or avoid the bias of data analysis in the study. Data with nondetects were 163 

analyzed with R (2014) using a software library called NADA which was developed 164 

by Lee (2014). 165 

The background was checked by procedural blank (n=6). Only TEP, TnBP and 166 

TPhP were detected to be higher than their LODs, averagely at 0.02, 0.08, 0.26 ng/mL, 167 

respectively, in the final extraction. The recoveries of OPEs were determined in UPW 168 

spiked with OPE standards (n=5) and ranged from 58.1 (TCrP) to 101.8% (TCEP) 169 

(Table S1 in Supporting Information). 170 

All water samples were spiked with TBP-d27and TPhP-d15 as recovery standard 171 

and internal standard, respectively, to monitor test performance for chemical analysis. 172 

The recovery of TBP-d27 was 87.3±6.5% (mean±SD) during sample analysis. 173 

TCPP and TCIPP co-eluted and shared the same quantification ion transitions in 174 

LC-MS/MS in the present study. Therefore, the concentration of TCPP is the sum of 175 
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TCPP and TCIPP. TCPP was used to indicate TCPP and TCIPP for simplification 176 

unless specification. In addition, TCrP determined in the study is the sum of isomers 177 

because the standard of TCrP is the mixture of isomers.  178 

2.5. Exposure and risk assessment methods 179 

The average daily doses (ADD) of each OPE through drinking water was calculated 180 

using the following equation: 181 

ADD=(C×IR×AP)/BW 182 

where C is concentration of OPE in drinking water (ng/L), IR is ingestion rate of 183 

water (L/day), AP is absorption percent of intake which is assumed to be 100% for 184 

drinking water (Li et al., 2014), BW is body weight (kg). In the exposure assessment, 185 

mean concentration and 95th percentile of concentration range were employed to 186 

assess average exposure scenarios and high exposure scenarios, respectively. Age and 187 

gender-specific intake of drinking water were also included.  188 

Non-cancer and carcinogenic risks of OPEs were estimated according to the 189 

methods recommended by the U.S. EPA (USEPA, 2013b). Non-cancer risks from 190 

OPE exposure via drinking water were appraised using hazard quotient (HQ), which 191 

was calculated by the following equation: 192 

HQ=ADD/RfD 193 

where RfD is reference dose value of each OPE (ng/kg bw/day). The local residents 194 

are considered to be exposed to a non-cancer risk if the value of HQ is greater than 1. 195 

The carcinogenic risk was assessed according to the equation: 196 

Risk=ADD×SFO 197 
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where SFO is an oral slope factor ((ng/kg bw/day)-1), representing the theoretical 198 

upper-bound cancer potency. In our study, only TCEP’s carcinogenic risk was 199 

estimated since only its SFO is available. People are considered to be exposed to a 200 

carcinogenic risk if Risk>10-6. The values of parameters for exposure and risk 201 

assessments are listed in Table S2 of the Supporting Information (Ali et al., 2012; 202 

MEPC, 2013; Shi et al., 2011; USEPA, 2013b). 203 

 204 

3. Results and discussion 205 

3.1. Concentrations of OPEs in drinking water  206 

OPE compounds were detected in all samples, but the detection frequency of each 207 

OPE compound varied among the types of drinking water (Table 1). TEP, TCEP and 208 

TPhP were found with a detection frequency of 100% in each type of drinking water. 209 

TnPP had the lowest detection frequency, ranging from 4.4% in bottle water to 33.3% 210 

in tap water.  211 

The sum concentration of nine detected OPE compounds were highest in the tap 212 

water ranged from 123 to 339 ng/L, with a median of 192 ng/L, followed by direct 213 

drinking water and barreled water with medians of 59.2 and 27.6 ng/L, respectively 214 

(Table 1). Lower concentrations of OPEs were found in the well water and bottled 215 

water, which were about two orders of magnitude lower than in the tap water.  216 

3.1.1. Concentrations of OPEs in tap water 217 

The concentrations of OPEs were reported from several ng/L to hundreds of ng/L in 218 

drinking water worldwide (Andresen and Bester, 2006; Benotti et al., 2009; Kim et al., 219 
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2007; Li et al., 2014; Rodil et al., 2012). Comparatively, OPEs were found at a high 220 

level in tap water in the present study. It is speculated that the high levels of OPEs in 221 

tap water come from contamination in source water. Eastern China is an important 222 

area of production and consumption of OPEs in China. Application of large amounts 223 

of OPEs would lead to increasing release and high levels in environmental matrices, 224 

including surface water. Indeed, we detected a slightly high level of OPEs in surface 225 

water collected from one of rivers in the sampling area (data not shown). Another 226 

probable contributor may be the limited removal for OPEs during purification 227 

processes applied in drinking water treatment plants (DWTPs) in the sampling area. 228 

To the best of our knowledge, only two out of five DWTPs employed advanced 229 

purification processes, such as activated carbon filtration and membrane processes in 230 

the sampling area (HWHG, 2014). However, it remains a hypothesis, since no 231 

investigation about the efficiency of different drinking water treatment processes in 232 

removal of OPEs in this area is conducted yet. 233 

3.1.2. Concentrations of OPEs in direct drinking water 234 

The residues of OPEs in the direct drinking water were compared with the paired 235 

tap water from the same families or community (Figure 1). A paired T-test revealed 236 

that the sum OPE concentrations were significantly lower in the direct drinking water 237 

(p<0.01). OPEs in the tap water seemed to be partly removed by the additional 238 

devices applied in producing direct drinking water and resulted in the decrease of 239 

OPEs in the direct drinking water. The elimination rates varied from 4.6 to 93.3%, 240 

depending on the purification devices involved. Obviously, the removal of OPEs by 241 
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public purifying machines (P1-P10, average 81.8%) was better than household 242 

filtering apparatuses (H1-H7, averagely 28.0%). The public purifying machines 243 

adopted multiple filtration processes and a reverse osmosis system which may be 244 

more effective to remove OPEs (Kim et al., 2007). Comparatively, less filtration was 245 

used in most household filtering apparatuses and therefore resulted in poorer 246 

elimination rates. In addition, the elimination efficiency of OPEs is also depended on 247 

the service time since various efficiencies were observed among the same group 248 

(P1-P10) with the same type of purification device.  249 

For individual OPEs, all major detected compounds were significantly (p<0.01) 250 

lower in direct drinking water except TEP (p<0.05). As shown in Figure 2, direct 251 

drinking water purification devices provided less effective elimination on TEP (40.0%, 252 

median) than others (e.g. TDCIPP and TnBP, 91.7% and 91.0%, respectively, 253 

median).  254 

3.1.3. Concentrations of OPEs in well water  255 

In contrast to the tap water, OPEs were detected at much lower levels in the well 256 

water from rural areas. This reduction in contamination probably resulted from natural 257 

purification during ground water recharge (Stepien et al., 2013). It was reported that 258 

effective elimination (ca. 90%) was achieved for both chlorinated and non-chlorinated 259 

OPEs when natural purification processes, such as slow underground passage, soil 260 

passage, and bank filtration were involved in the DWTPs (Andresen and Bester, 261 

2006). The adsorption capacity and biological activity in soil should intercept most of 262 

the OPEs during ground water recharge from surface water. 263 
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3.1.4. Concentrations of OPEs in bottled and barreled water 264 

The OPE concentrations in the bottled water were similar to the well water and ranged 265 

between 0.9 and 11.2 ng/L. The results revealed that the manufacturing processes (e.g. 266 

reverse osmosis) for the bottled water were effective. In addition, clean source water 267 

should be another contributor, since some of producers of bottled water announced 268 

that their clean source water comes from natural protected areas. Comparatively, 269 

however, OPEs exhibited a higher and broader concentration ranging from 1.5 to 71.9 270 

ng/L in the barreled water. The observation is believed to result in part from the 271 

diversity of manufacturing techniques (such as reverse osmosis vs. ultrafiltration) 272 

employed in the production of barreled water. In China, most barreled 273 

water-producing manufactures are regional, and thus may apply different 274 

manufacturing techniques depending on their enterprise scale and money. For the 275 

prosperous and large scale manufactures, advanced technologies are employed and 276 

result in satisfactory removal of OPEs. 277 

3.2. Patterns of OPE compounds in drinking water 278 

Three OPE compounds, namely TEP, TCEP and TPhP, were detected in all drinking 279 

water samples. TCPP was detected in most of the samples, with only several 280 

exceptions in commercial drinking water (bottled water and barreled water). TEP was 281 

the most abundant OPE in tap water and direct drinking water with a median 282 

concentration of 50.2 and 30.2 ng/L, respectively, followed by TCEP and TCPP. TCPP 283 

was the most abundant OPE in the barreled water and well water with a median 284 

concentration of 8.0 and 2.5 ng/L, respectively, followed by TCEP and TEP. However, 285 
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TPhP was the most abundant OPE in the bottled water. Although the most abundant 286 

individual OPEs were different among the five types of drinking water, these four 287 

OPEs altogether dominated the total OPE concentrations in all drinking waters and 288 

accounted for 72.4% (median, bottled water) to 96.2% (median, direct drinking water) 289 

of total OPEs (Figure S2 in Supporting Information). 290 

TCEP and TCPP are the two most prevalent chlorinated OPEs used in rigid and 291 

flexible polyurethane foams (van der Veen and de Boer, 2012). As a result, they were 292 

detected in various matrices, including drinking water. These OPEs have been 293 

frequently detected and identified as major contributors in drinking water in previous 294 

studies (Benotti et al., 2009; Esteban et al., 2014; Rodil et al., 2012; Schaider et al., 295 

2014). For example, median concentrations of TCEP and TCPP were 120 and 210 296 

ng/L in finished water samples from 19 DWTPs across the U.S. (Benotti et al., 2009)  297 

Besides TCEP and TCPP, TDCIPP was another chlorinated OPEs detected in the 298 

five types of drinking water samples with a detection frequency and a median 299 

concentration ranged from 72.2% and 5.84 ng/L in the tap water to 100% and 0.12 300 

ng/L in the well water. The ratio of 3 chlorinated OPEs (TCEP, TCPP and TDCIPP) to 301 

the total OPEs was in a range of 7.3% (direct drinking water) to 95.0% (barreled 302 

water). The chlorinated OPEs were the main contributors to the total OPEs in most of 303 

the drinking water types, except for the direct drinking water. The results were 304 

consistent with studies on other matrices since chlorinated OPEs had a high 305 

production volume and seemed to be more resistant to both natural and biological 306 

degradation in the environment than non-chlorinated OPEs (Reemtsma et al., 2008). 307 
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Although TEP is not a routine target OPE in either surface water or in drinking 308 

water analysis, it showed a high detection frequency with concentrations ranging from 309 

several ng/L to more than one hundred ng/L in surface water and drinking water 310 

(Bacaloni et al., 2008; Martínez-Carballo et al., 2007; Rodil et al., 2012; Wang et al., 311 

2011). TEP concentrations of about 3 and 5 ng/L in surface water and the 312 

corresponding drinking water, respectively, were measured in Galicia, Spain (Rodil et 313 

al., 2012). The findings indicated a poor elimination of TEP in drinking water 314 

treatment or in the worst case, a release from the water supply piping system. In the 315 

present study, TEP was identified as the most abundant OPE in terms of concentration 316 

in the tap water and direct drinking water. The presence of TEP results in part from 317 

inefficient purification in DWTPs, household filtering apparatuses or public purifying 318 

machines during production of tap water or direct drinking water. The 319 

compound-specific elimination of OPEs was compared in the paired direct drinking 320 

water and tap water samples (Figure 2). It was found that purification apparatus 321 

provided a poorer efficiency in TEP elimination compared with other OPEs. This also 322 

suggests that TEP is difficult to remove even when advanced purification technologies 323 

are employed. 324 

TnPP was occasionally detected in the samples with a low detection frequency. The 325 

low detection frequency of TnPP was predictable considering its scarce usage. In fact, 326 

some analytical methods (Quintana et al., 2008) use TnPP as an internal standard in 327 

due to its low occurrence in environment (Rodil et al., 2012). 328 

3.3. Exposure assessment of OPEs through drinking water consumption  329 
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The ADD of total OPEs via ingestion of drinking water were calculated and shown in 330 

Table 2. The uptake of OPEs through tap water is higher than other drinking water in 331 

either adults or children, ranging from 6.1 to 7.1 ng/kg bw/day. Comparatively, the 332 

ADDs are at least one order of magnitude lower, and less than 1 ng/kg bw/day for 333 

ingestion of the well water and bottled water. Actually, most of people in Chinese 334 

cities have to face comparatively high ADDs since they usually drink tap water or 335 

boiled tap water instead of other drinking waters. The effect of boiling on OPEs in tap 336 

water is discussed in the Supporting Information and is shown in Figure S3. There are 337 

no significant differences found between adults and children among all types of 338 

drinking water. However, exposure doses of OPEs are found to be slightly higher in 339 

males than in females, for both adults and children (Table 2). 340 

Compared with airborne exposure via particulate matter inhalation (Yang et al., 341 

2014) and dust ingestion (Cao et al., 2014) in China, which were averagely calculated 342 

at 3.4 and 12.6 ng/kg bw/day, respectively, for adults (Supporting Information), the 343 

exposure doses of OPEs through drinking water were in a similar range. For children, 344 

the doses were higher and were 5.7 and 127.9 ng/kg bw/day for particulate matter 345 

inhalation and dust ingestion, respectively (Supporting Information). Conversely, for 346 

children, uptake of OPEs through airborne exposure was higher than from drinking 347 

water. Nevertheless, drinking water is probably one of the important pathways for 348 

exposure to OPEs for Chinese people. 349 

3.4. Risk assessment of OPEs through drinking water consumption.  350 

Given the ubiquitous presence of OPEs in all types of drinking water in Eastern China, 351 
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it is crucial to estimate the potential risks of OPEs to local residents through drinking 352 

water. However, there is still no reference doses (RfD) suggested for OPEs by 353 

authoritative institutions such as USEPA, NIH and WHO due to the limited data in 354 

toxicity information of OPEs on humans. Therefore, the RfD values used in the 355 

present assessment were calculated by dividing chronic no-observed adverse effect 356 

levels (NOAELs) by a safety factor of 1,000, which was calculated by Ali et al. (2012) 357 

except for TEP. The RfD of TEP was calculated from its lowest no-observed effect 358 

level (NOEL) suggested by Organization for Economic Cooperation and 359 

Development (OECD, 2005). 360 

The hazard quotient (HQ), which indicates the non-carcinogenic risk, was 361 

calculated for each OPE (shown in Figure 3). The estimated HQ of individual OPEs 362 

from drinking water are all within acceptable level (HQ<1) in both average and high 363 

exposure scenarios. Actually, the values are generally at 10-4-10-7, indicating a 4-7 364 

orders of magnitude safety margin to the theoretical risk threshold. Therefore, it is 365 

suggested that there is a negligible non-cancer risk to local residents arising from OPE 366 

exposure through drinking water. The results also revealed that the presence of 367 

chlorinated OPEs in drinking water should be of major concern, because the three 368 

chlorinated analogs (TCEP, TCPP and TDCIPP) always showed a higher HQ value 369 

than non-chlorinated OPEs in all types of drinking water. 370 

In addition to the non-carcinogenic risk, the carcinogenic risk from TCEP was also 371 

assessed. Only TCEP could be assessed because it was the only OPE with an 372 

available SFO. The result indicates a very low risk (<10-7) for all types of drinking 373 
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water (Figure 4). The highest carcinogenic risk of TCEP was found at 7.3×10-8 to 374 

8.5×10-8 for gender and age specific category from exposure to the tap water.  375 

The assessment reveals that the risk originating from exposure to OPEs through 376 

ingestion of drinking water is currently low in Eastern China. Among the five types of 377 

drinking water, the well water and bottled water posed the lowest non-cancer and 378 

carcinogenic risks from OPEs, while tap water poses the highest. Drinking well water 379 

and bottled water is unreasonable for most of urban residents in eastern China due to 380 

the limits of transportation and cost. Therefore, barreled water or direct drinking water 381 

may be an alternative for urban residents to reduce their health risk from OPEs. 382 
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Table 1. Detection frequency (DF, %) and concentration range (ng/L) of OPEs in different drinking water. 550 

 551 

  Bottled water Barreled water Direct drinking water Tap water  Well water 

  DF  Range (median)  DF  Range (median)  DF  Range (median)  DF  Range (median)  DF  Range (median)  

TEP 100  0.0-0.8 (0.1) 100  0.2-8.0 (2.3) 100  0.8-96.9 (30.2) 100  13.0-124 (50.2) 100  0.1-4.1 (0.3) 

TnPP 4.4  nd-0.2 (nd) 5.3  nd-0.0 (nd) 5.6  nd-0.0 (nd) 33.3  nd-0.2 (nd) 22.2  nd-0.0 (nd) 

TnBP 91.3  nd-0.4 (0.1) 73.7  nd-1.6 (0.1) 100  0.2-6.6 (0.9) 100  3.9-76.3 (9.5) 100  0.1-0.4 (0.2) 

TCEP 100  0.1-5.9 (0.5) 100  0.2-44.2 (6.9) 100  1.9-48.5 (9.1) 100  28.5-139 (48.5) 100  0.1-3.5 (0.5) 

TCPP 95.7  nd-3.6 (0.6) 94.7  nd-48.5 (8.0) 100  1.6-26.5 (6.7) 100  21.5-109 (43.0) 100  1.3-3.8 (2.5) 

TPhP 100  0.3-2.1 (0.8) 100  0.0-0.9 (0.2) 100  0.0-1.8 (0.2) 100  0.3-4.0 (1.4) 100  0.0-0.5 (0.2） 

TCrP 30.4  nd-0.2 (nd) 15.8  nd-0.1 (nd) 27.8  nd-0.6 (nd) 85.7  nd-0.8 (0.3) 94.4  nd-0.3 (0.1) 

TBEP 91.3  nd-2.1 (0.2) 36.8  na-0.3 (nd) 94.4  nd-5.3 (0.3) 100  1.4-6.6 (3.7) 100  0.0-0.6 (0.2) 

TDCIPP 91.3  nd-4.0 (0.6) 84.2  nd-7.0 (0.5) 77.8  nd-6.6 (0.5) 100  5.4-6.8 (5.8) 72.2  nd-1.1 (0.1) 
ΣOPEs   0.9-11.2 (4.0)   1.5-71.9 (27.6)   17.2-126 (59.2)   123-338 (192)   2.5-8.4 (4.5) 

  552 
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Table 2. Average daily doses (ng/kg bw/day) of total OPEs via ingestion of different 553 

types of drinking water in two exposure scenarios. 554 

 555 
  adulta childb 

 
man woman boy girl 

 
average high average high average high average high 

Tap water 7.07 11.56 6.06 9.91 6.95 11.37 6.80 11.13 
Well water 0.17 0.27 0.14 0.23 0.16 0.27 0.16 0.26 

Direct drinking water 2.22 4.20 1.91 3.60 2.19 4.13 2.14 4.04 
Bottled water 0.16 0.35 0.14 0.30 0.16 0.34 0.15 0.33 
Barreled water 1.06 2.14 0.91 1.83 1.05 2.10 1.02 2.06 

a: exposure factor values were from Exposure Factors Handbook of Chinese Population;  556 

b: exposure factor values were from Shi et al.38  557 
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 558 

Figure 1. Comparison of ∑OPEs in paired direct drinking water and tap water samples. 559 

H1-H7 standards for direct drinking water which was produced by household filtering 560 

apparatuses while P1-P10 produced by public purifying machines. See details in 561 

Supporting Information.  562 



 

30 
 
 

TEP TnBP TCEP TCPP TPhP TBEP TDCIPP
0.0

0.5

1.0

1.5

2.0

C
on

ce
nt

ra
tio

n 
R

at
io

 (d
ire

ct
 d

rin
ki

ng
 w

at
er

/ t
ap

 w
at

er
)

 563 

Figure 2. Comparison of OPE concentrations in paired direct drinking water and tap 564 

water samples. The data are reported as a box/whiskers plot, where the upper, middle, 565 

and lower levels of the box represent the 75th, 50th, and 25th percentiles and the 566 

whiskers represent the 90th and 10th percentile. □ stands for mean value and × 567 

stands for maximum and minimum value.  568 
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Figure 3. Non-cancer risks of OPEs via different drinking water types.  570 
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Figure 4. Carcinogenic risks posed by TCEP via different types of drinking water.   572 


