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Abstract

:

Human exposure to p-phenylenediamine derivatives (PPDs) may induce hepatotoxicity and altered glycolipid metabolism. Recent studies have demonstrated the wide presence of PPDs in environmental matrixes. However, until now, the occurrence of PPDs in tap water has not been well known. This study analyzed nine PPDs in tap water collected from Hangzhou and Taizhou, China. The results showed that seven PPDs were detected in tap water samples from Hangzhou (n = 131), with the concentration of total detected PPDs ranging from 0.29 to 7.9 ng/L (mean: 1.6 ng/L). N-(1, 3-dimethylbutyl)-N′-phenyl-p-phenylenediamine (6PPD; mean: 0.79 ng/L, <LOD−5.7 ng/L) was the predominant PPD in tap water from Hangzhou, followed by N, N′-di-2-butyl-p-phenylenediamine (44PD; 0.39 ng/L, <LOD−2.2 ng/L) and N-isopropyl-N′-phenyl-1, 4-phenylenediamine (IPPD; 0.31 ng/L, <LOD−1.4 ng/L). Five PPDs were detected in tap water collected from Taizhou (n = 30). N-phenyl-N′-cyclohexyl-p-phenylenediamine (CPPD; mean: 1.0 ng/L, <LOD−4.2 ng/L) was the predominant PPD in tap water from Taizhou, followed by 6PPD (0.93 ng/L, <LOD−2.6 ng/L) and 44PD (0.78 ng/L, <LOD−1.8 ng/L). The mean daily intake (DI) of PPDs for adults and children in Hangzhou was estimated to be 4.9–24 and 6.4–32 pg/kg bw/day, respectively. Meanwhile, the mean DI of PPDs for adults and children living in Taizhou was 11–31 and 14–40 pg/kg bw/day, respectively. To our knowledge, this study provides the first data on the occurrence of PPDs in tap water, which is vital for human exposure risk assessment.
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1. Introduction


p-Phenylenediamines derivatives (PPDs) have been widely added to many rubber-related industrial and consumer products, such as rubber tires, gloves, cables, and belts [1,2,3]. These chemicals are effective in preventing the oxidative cracking, thermal degradation, and the aging of rubber-related products [4,5]. The most commonly used PPDs in the rubber industry mainly include N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine (6PPD), N-isopropyl-N′-phenyl-1,4-phenylenediamine (IPPD), and N, N-bis(1,4-dimethylpentyl)-p-phenylenediamine (77PD) [6]. In North America, the annual production of 6PPD has reached 23,000–45,000 tons and has been listed as a High Yield Compound [7]. In Europe, the production volume of N, N′-diphenyl-p-phenylenediamine (DPPD), IPPD, and 77PD is in the range of 10–10,000 tons/year [8]. The massive application of PPDs has resulted in their inevitable release into the environment [9,10]. Consequently, many kinds of PPDs, including 6PPD, 77PD, N-phenyl-N′-cyclohexyl-p-phenylenediamine (CPPD), IPPD, and DPPD, have been detected in various environmental matrixes, such as water, sediment, dust, soil, and air particles [11,12,13,14,15].



Considering the wide presence of PPDs in the environment, humans are inevitably exposed to various PPDs [8]. The preliminary human exposure pathways for PPDs include inhalation, oral intake, and dermal contact [10]. This has attracted increasing concerns owing to the possible toxic effects of exposure to PPDs on human health [16]. For example, exposure to DPPD has been linked to a notably extended gestation period and potentially even dystocia in female rats [17]. Fang et al. [18] reported that 6PPD exposure induced hepatotoxicity (increased liver weight) and altered glycolipid metabolism and glutathione metabolism in mice. In addition, some metabolites of PPDs (e.g., PPDs-derived quinones) in the human body may be more toxic than their parent PPDs [4,19]. For instance, the oxidized product of 6PPD (LC50, 250 μg/L), known as 6PPD-quinone (0.82 μg/L), has been observed to induce acute mortality in coho salmon [20]. Based on the aforementioned in vitro and in vivo studies, it can be inferred that exposure to PPD may have adverse health effects on human health.



Tap water quality is greatly affected by human activity, industrial expansion, and agricultural development [21]. More than 875 million people in the world do not have access to clean tap water [22]. From a public health standpoint, it is crucial to identify the contaminants present in tap water [23,24]. Ingesting contaminants in tap water can lead to both acute and chronic adverse human health effects that may persist for many years [25,26]. For example, the ingestion of elevated levels of lead and arsenic in tap water can result in acute and chronic poisoning, potentially leading to cancer in humans [27,28,29]. Moreover, tap water intake is an important source of human exposure to a variety of pollutants, such as organophosphate flame retardants and bisphenol analogues [30,31,32]. For the general population, the uptake of some pollutants through plants that are irrigated by contaminated water should also be a concern [33,34,35]. Considering the wide presence of PPDs in environmental surface water, PPDs may occur in tap water sources, such as freshwater rivers and reservoirs [11,36]. For example, Zhang et al. [14] analyzed PPDs in a catchment providing tap water to Guangzhou city, China, and reported the wide presence of 6PPD and IPPD. Additionally, removal efficiencies of various PPDs in the wastewater treatment plant were around 49−77%, suggesting that a considerable amount of these PPDs can not be removed through wastewater treatment technology [37]. However, the knowledge on the occurrence of PPDs in tap water is still scarce. Such data are important for conducting human exposure risk assessments.



In this study, tap water samples were collected from households in urban residential regions of Hangzhou and Taizhou, China, and were analyzed for nine kinds of PPDs. The occurrence and concentration profiles of PPDs in tap water were investigated. The daily intake of PPDs through tap water ingestion in the general population was also estimated. To our knowledge, this is the first study investigating the occurrence of PPDs in tap water.




2. Materials and Methods


2.1. Standards and Reagents


Nine target PPDs were analyzed in this study, and their chemical structure, full name, and CAS number are listed in Table S1 of Supplementary Materials. These target PPDs were always among the most frequently detected PPDs reported in previous studies [11,12,14,15]. Specifically, 44PD (N, N′-di-2-butyl-p-phenylenediamine), 6PPD, 7PPD ((1,4-dimethylpentyl)-N′-phenylbenzene-1,4-diamine), and 77PD were purchased from Ehrenstorfer GmbH (Augsburg, Germany). CPPD, DNPD (N, N′-di-2-naphthyl-p-phenylenediamine), DPPD, DTPD (N, N′-di(o-tolyl)-p-phenylenediamine), and IPPD were obtained from TRC (Burlington, ON, Canada) and Anpel Scientific (Shanghai, China). 13C isotopically labeled 6PPD (i.e., 13C6-6PPD; internal standard) was purchased from Cambridge Isotope Laboratories (Andover, MA, USA). Formic acid, HPLC-grade water, and acetonitrile were obtained from Merck (Darmstadt, Germany).




2.2. Tap Water Sample Collection


During March−June 2023, tap water (i.e., tap water) samples were collected from different households in Hangzhou (n = 131) and Taizhou (n = 30). Tap water samples were collected in three different districts of Hangzhou city and in one district of Taizhou city, as shown in Supplementary Materials Table S2. Hangzhou (population 12 million), located in eastern China, is the capital city of Zhejiang province [38]. Taizhou city, located in southeastern Zhejiang province, has a population exceeding 6.5 million [39]. The location of sampling regions is shown in Supplementary Materials Figure S1. Tap water in Hangzhou and Taizhou was supplied by water treatment plants. Tap water treatment technologies, including coagulation, flocculation, sedimentation, filtration, and disinfection (chlorination), are commonly applied in these water treatment plants. Collected tap water in Hangzhou originated from Tiaoxi River, Qiantang River, and Fuchunjiang River. The collected tap water in Taizhou was from Lingjiang River.



Tap water samples (3 L each) were directly collected from the stopcock in the kitchen room of a household. Three subsamples (1 L each) of tap water were collected within one week in the same household and then were pooled to obtain one real sample. Collected tap water samples were transferred to brown glass containers, mixed with formic acid (1% of total volume), and then stored at -60 °C until extraction. Blank field samples (3 L of pure water) were also transported with the collected tap water in each sampling campaign.




2.3. Sample Extraction


Tap water samples were extracted, following the methods of previous studies [11,40,41]. In brief, tap water samples (1000 mL) were firstly spiked with the internal standard (5 ng of 13C6-6PPD), acidified with 1% formic acid, and then loaded onto HLB cartridges (6.0 mL, 250 mg; Oasis, Waters, MA, USA). These cartridges were preconditioned with 6 mL of acetonitrile and 6 mL of pure water. Following tap water sample loading, these HLB cartridges were rinsed with 4 mL of 5%/95% acetonitrile/pure water, vacuum-dried for 10 min, and then eluted with 6 mL of acetonitrile. The eluent solutions were evaporated to dryness and then redissolved in 50 μL of acetonitrile for instrumental analysis.




2.4. Instrumental Analysis


Target PPDs in the sample extracts were analyzed using a Waters ACQUITY liquid chromatography system coupled with a Waters XEVO_TQS tandem mass spectrometry (Waters; Milford, MA, USA). Ten microliters of sample extract were injected onto an Eclipse Plus C18 column (1.8 µm, 3.0 mm × 100 mm; Agilent Technologies, Santa Clara, CA, USA) for chromatographic separation. Mobile phases A and B were 0.1% formic acid in pure water and acetonitrile, respectively. Flow rate of the mobile phase was 0.2 mL/min. The C18 column was kept at 40 °C, and the linear gradient elution started at 10% B, which was increased to 50% B over 2 min to 95% B over 8 min, followed by the isocratic elution with 95% B for 2 min, and then kept at 10% B for 4 min before the next injection. The ion source was operated in the positive ionization mode. Multiple reaction monitoring (MRM) mode was used to detect PPDs. MRM transition parameters for the detection of PPDs are described in the Supplementary Materials Table S3.




2.5. Daily Intake Estimation


Daily intake (DI; pg/kg bw/day) of PPDs through the ingestion of tap water was estimated for the local residents using the following equation [42]:


DI = 1000 × (CPPDs × IR)/BW








where CPPDs is the concentration of individual PPD in tap water (ng/L). IR means the human daily ingestion rate of tap water and is assumed to be 2 L/day for adults and 1 L/day for children [32,43]. BW means the body weight (bw, kg) of local residents and is set at 65 kg for adults and 25 kg for children [36,44].




2.6. QA/QC


Brown glass containers were pre-rinsed using methanol and acetonitrile before use. All of the used solvents and field blank samples were checked for background contamination of PPDs, and no PPDs were detected. One procedural blank and one solvent blank were analyzed between every ten tap water samples in order to monitor the background and cross-over contamination of PPDs. We acknowledge that our study was based on the sampling of tap water from a single tap in each location. We selected representative sampling points based on population density and water usage patterns. Three subsamples of tap water were collected within one week in the same household and then were pooled to obtain one real tap water sample. This sampling strategy can improve the representativeness of the tap water. In addition, point source pollution could happen in the collected tap water samples, while field blank samples were also transported with the collected tap water in each sampling campaign to monitor the possible point source pollution.



Identification of the target PPDs involved a comparison of the peak ratio between the quantification ion and the qualification ion with their respective authentic standards, all exhibiting variations below 20%. Concentrations of PPDs in collected tap water samples were quantified using an internal standard approach. Calibration curve (six concentration points; 0.5−100 ng/mL) was built for each target analyte. The correlation coefficient (R2) for the calibration curve of each specific target analyte consistently exceeded 0.995. Limits of detection (LODs) of PPDs were defined as the mean concentration of PPDs in procedural blanks plus three times the standard deviation. Calculated LODs of PPDs in tap water were in the range of 0.019 (CPPD)−0.070 (DNPD) ng/L. Extraction recovery experiments were carried out to evaluate the effectiveness of the extraction method used in this study. Tap water samples were spiked with PPDs at 0.1, 1, or 15 ng/L and then analyzed using the current method. Mean extraction recoveries of PPDs in tap water samples were in the range of 81−109%. LODs and extraction recoveries of PPDs in tap water are shown in the Supplementary Materials Table S4. Matrix effects (MEs) in the analysis of PPDs were assessed by comparing the concentrations of the target PPDs in tap water sample extracts (n = 5) with that detected in the acetonitrile [45]. Calculated MEs of PPDs in this study ranged from 94 to 107%, indicating no obvious suppression and strength for the signal response of PPDs.




2.7. Statistical Analysis


Quantified concentrations of PDDs below their LODs were reported as <LOD. In tap water samples, mean concentrations of PDDs were only calculated if their detection frequencies were higher than 50%. Mann–Whitney U was used to assess the difference in concentrations among individual PPDs in tap water samples from Hangzhou or Taizhou. Spearman′s correlation analysis was conducted to evaluate the correlation among concentrations of various PPDs detected in tap water samples from Hangzhou or Taizhou. Statistical analysis in this study was performed using SPSS software (version 21; IBM, Ontario, CA, USA). A p value of <0.05 indicates statistical significance.





3. Results and Discussion


3.1. PPDs in Tap Water from Hangzhou


Seven PPDs were detected in tap water samples from Hangzhou, China (Table 1). Among detected PPDs, 6PPD, IPPD, 44PD, and CPPD had detection frequencies of >50%. 7PPD, 77PD, and DTPD were less frequently detected, with detection frequencies lower than 40%. The concentrations of total detected PPDs (∑PPDs) were 0.29−7.9 ng/L (mean 1.6 ng/L). 6PPD (mean 0.79 ng/L, <LOD−5.7 ng/L) was the predominant PPD in tap water from Hangzhou, followed by 44PD (0.39 ng/L, <LOD−2.2 ng/L) and IPPD (0.31 ng/L, <LOD−1.4 ng/L). 6PPD accounted for a mean of 48% of ∑PPDs in tap water samples from Hangzhou (Figure 1). Consistently, 6PPD was always the dominant PPD in urban runoff from Chinese cities and surface water from Chinese rivers [11,14,36]. Possibly, this is owing to the greater application of 6PPD than other PPDs in the rubber industry [7,8]. 44PD and IPPD were detected in human urine collected from Quzhou city, China, with concentrations of <LOD−2.9 ng/L and <LOD−0.93 ng/L (mean 0.14 ng/L), respectively [46]. Dust samples were also reported to contain 44PD and IPPD [47]. The solubility of PPDs may greatly affect their occurrence in tap water. Organic chemicals with relatively higher water solubility may have higher concentrations in tap water. PPDs had relatively low solubility in the water phase. For example, the solubility of 6PPD in water is only around 0.1 g/L [48], which may result in its adsorption to the particles in the water and greatly decrease their levels in the tap water.



Comparatively, urban runoff water from Hong Kong, Huizhou, and Dongguan cities contained much higher levels of PPDs than that reported in this study [11,36]. The mean concentration of 6PPD in tap water (0.79 ng/L) from Hangzhou city is higher than that reported in surface water from Zhujiang River (mean 0.56 ng/L) and Dongjiang River (0.47 ng/L) in Guangdong, China [36]. The mean concentration of IPPD in tap water from Hangzhou is comparable to that reported in surface water from Liuxi River (0.31 ng/L) [14]. Based on this comparison, despite the levels of PPDs in the source water of the collected tap water being unknown, we speculate that PPDs cannot be effectively removed after the tap water treatment, mainly including coagulation, flocculation, sedimentation, filtration, and disinfection (chlorination).



Concentrations of various PPDs in tap water from Hangzhou were barely correlated with each other (Spearman’s correlation coefficient, rs = 0.15−0.40; p > 0.19; Supplementary Materials Table S5). This contrasts with the previous observation in dust [49] and surface water [14], in which detected PPDs (such as 6PPD, IPPD, and CPPD) were always correlated with one another. This may be because of the great influence of the tap water treatment process (e.g., chlorination, advanced oxidation, and activated carbon adsorption) on the occurrence of PPDs in tap water. Previous studies have demonstrated the oxidative degradation of 6PPD (e.g., ozonation and photooxidation) in the water environment [50,51].



In addition, we investigated the differences in concentrations and concentration profiles of PPDs in tap water from different districts of Hangzhou city. The results showed that the mean concentrations of ∑PPDs in tap water from Linping (1.8 ng/L) and Fuyang (1.7 ng/L) districts are comparable but are higher than that from Xiaoshan district (1.4 ng/L, p = 0.04) (Figure 2). Concentration profiles of PPDs in tap water from Linping and Xiaoshan districts are similar, but tap water from Fuyang district had a comparatively higher composition of 6PPD (mean 61% of ∑PPDs). This may be partially because the tap water in these three Hangzhou districts is from different sources (i.e., Tiaoxi River, Qiantang River, and Fuchunjiang River). The pollution characteristics of PPDs in these three rivers may be different, but this warrants further studies to confirm. Alternatively, different tap water treatment processes may also contribute to this discrepancy.




3.2. PPDs in Tap Water from Taizhou


Five PPDs were detected in tap water collected from Taizhou, China, with the concentrations of ∑PPDs ranging from 0.091 to 6.6 ng/L (Table 1). 6PPD, CPPD, 44PD, and 7PPD were detected in 63−83% of tap water samples from Taizhou. IPPD was detected in only 37% of Taizhou tap water samples. CPPD (mean 1.0 ng/L, <LOD−4.2 ng/L) was the predominant PPD in tap water from Taizhou, followed by 6PPD (0.93 ng/L, <LOD−2.6 ng/L) and 44PD (0.78 ng/L, <LOD−1.8 ng/L). This concentration profile is different from that observed in tap water from Hangzhou (Figure 1). Comparatively, concentrations of PPDs in tap water from Taizhou are higher than that from Hangzhou, especially for 6PPD (mean 0.93 and 0.79 ng/L, respectively; p < 0.01) and CPPD (1.0 and 0.16 ng/L, respectively; p < 0.01) (Supplementary Materials Figure S2). These differences are partially due to the different pollution characteristics of PPDs in the source water of tap water. The tap water collected from Taizhou city was mainly from Lingjiang River, which is contaminated due to rapid urbanization and industrial growth. The water pollution of Lingjiang River mainly stems from industrial wastewater, agricultural runoff, and urban discharge [52,53]. Concentrations of various PPDs in tap water from Taizhou city were barely correlated with each other (Spearman’s correlation coefficient, rs = 0.17−0.42; p > 0.084; Supplementary Materials Table S6).



We further compared the concentrations of PPDs in Taizhou tap water with that of other organic contaminants in tap water. Comparatively, concentrations of PPDs in tap water from Taizhou are lower than that of perfluorobutanoic acid (median 18 ng/L) in Chinese tap water, but the median concentration of 44PD and 6PPD is comparable to that of perfluorooctanoic acid (median 0.74 ng/L) [54]. The detection frequencies of PPDs are higher than that of bisphenol A (detection frequency 40%) in tap water from China [32]. The most commonly detected organophosphate flame retardants, including tris(2-butoxyethyl) phosphate (mean 70.1 ng/L), triphenyl phosphate (40.0 ng/L), and tris(2-chloroisopropyl) phosphate (33.4 ng/L), in tap water from China also had higher mean concentrations than PPDs [55]. Despite their comparatively low concentrations, the wide distribution of PPDs in tap water still suggests that more concerns should be paid to the potential risks of human exposure to PPDs through tap water ingestion.




3.3. Human Daily Intake Estimation


The estimated DI of PPDs for local residents living in Hangzhou and Taizhou through the ingestion of tap water is shown in Table 2. The mean DIs of PPDs for adults and children in Hangzhou were estimated to be 4.9–24 and 6.4–32 pg/kg bw/day, respectively. Meanwhile, the mean DIs of PPDs for adults and children living in Taizhou were 11–31 and 14–40 pg/kg bw/day, respectively. These data suggest that residents living in Hangzhou had higher exposure doses of PPDs than those in Taizhou, and children had higher amounts of PPD exposure than adults. This suggests that children were more susceptible to PPD exposure than adults via tap water ingestion, possibly due to their lower body weight and higher ingestion rate of tap water. Among PPDs, 6PPD (24–32 pg/kg bw/day) had the highest mean DI for residents in Hangzhou, followed by 44PD (12–16 pg/kg bw/day) and IPPD (10–12 pg/kg bw/day). Meanwhile, CPPD (31–40 pg/kg bw/day) had the highest mean DI for residents in Taizhou, followed by 6PPD (29–37 pg/kg bw/day) and IPPD (24–31 pg/kg bw/day). DIs calculated in this study provide the baseline data to estimate the total amount of human exposure to PPDs.



Previous studies have estimated the DIs of PPDs through other human exposure pathways. For example, Wang et al. [56] reported that the human daily intake of PPDs through the inhalation of PM2.5 was in the range of 0.19–1.41 ng/kg bw/day. Cao et al. [11] estimated that the mean daily intake of PPDs through the oral ingestion of roadside soil dust was 1–10 ng/kg bw/day. Comparatively, the DIs of PPDs through tap water ingestion are much lower than those through inhalation of PM2.5 and oral ingestion of roadside soil dust. A European risk assessment study on synthetic turf rubber infill proposed the reference dose of 26,000 ng/kg bw/day for 6PPD in terms of cancer risk [57], which is much higher than the DIs of PPDs through tap water ingestion reported in this study. This suggests that the risk of human exposure to PPDs through tap water ingestion is relatively low. Despite that, toxic effects caused by long-term exposure to PPDs through tap water ingestion should still be of concern. In addition, as predicted by ADMETlab 3.0 software, 6PPD, CPPD, and IPPD (possibility 0.74−0.91) had higher potentials of inducing human skin sensitization than 44PD and 7PPD (possibility < 0.5). Hence, other toxic effects induced by human exposure to PPDs should also be investigated.





4. Conclusions


This study examined the occurrence of PPDs in tap water samples for the first time [14,58]. The results showed that 6PPD was the predominant PPD in tap water from Hangzhou, followed by 44PD and IPPD, while CPPD was the predominant PPD in tap water from Taizhou, followed by 6PPD and 44PD. In addition, DIs of PPDs through tap water ingestion for adults and children were estimated in this study. More studies are needed to examine the concentration of PPDs in human urine. It is important to acknowledge the challenges associated with determining the origin of PPDs due to their complex sources and transport pathways. Additionally, proposing effective measures for environmental control or water purification presents significant difficulties. Future studies should focus on addressing these challenges to better understand and mitigate the impact of PPDs on public health. The detection of PPDs in tap water highlights a previously overlooked exposure route. This finding underscores the importance of monitoring PPDs in water sources to assess human health risks. It prompts the need for regulatory measures to ensure safe tap water and emphasizes the importance of public health initiatives to raise awareness of potential health effects. Future research should focus on elucidating the health impacts of PPD exposure, identifying sources of contamination, and developing effective mitigation strategies.
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