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Green buildings are increasingly being plumbed with crosslinked polyethylene (PEX)

potable water pipe. Tap water quality was investigated at a six month old plumbing system

and chemical and odor quality impacts of six PEX pipe brands were examined. Eleven PEX

related contaminants were found in the plumbing system; one regulated (toluene) and

several unregulated: Antioxidant degradation products, resin solvents, initiator degrada-

tion products, or manufacturing aides. Water chemical and odor quality was monitored for

new PEX-a, -b and -c pipes with (2 mg/L free chlorine) and without disinfectant over 30

days. Odor and total organic carbon (TOC) levels decreased for all pipes, but odor remained

greater than the USA's Environmental Protection Agency's (USEPA) secondary maximum

contaminant level. Odors were not attributed to known odorants ethyl-tert-butyl ether

(ETBE) or methyl-tert-butyl ether (MTBE). Free chlorine caused odor levels for PEX-a1 pipe to

increase from 26 to 75 threshold odor number (TON) on day 3 and affected the rate at which

TOC changed for each brand over 30 days. As TOC decreased, the ultraviolet absorbance at

254 nm increased. Pipes consumed as much as 0.5 mg/L as Cl2 during each 3 day stagnation

period. Sixteen organic chemicals were identified, including toluene, pyridine, methylene

trichloroacetate and 2,4-di-tert-butylphenol. Some were also detected during the plumbing

system field investigation. Six brands of PEX pipes sold in the USA and a PEX-a green

building plumbing system impacted chemical and drinking water odor quality.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The green building industry has focused on improving indoor

environmental quality and incorporating life cycle
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assessments (LCA) into material selection decisions (Todd

et al., 2001). Cross-linked polyethylene (PEX) potable water

pipe is replacing copper pipe in green building construction

because it is less expensive, lighter and easier to install
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Table 1 e Literature review comparison of TOC concentrations caused by new PEX potable water piping.

Investigator and type
of PEX testeda

TOC concentration, mg/L, after simulated installation % Change in
Mean TOC

SA/V ratio,
cm2/mL

Skjevrak et al., 2003 3 days 6 days 9 days

PEX* 1.6 1.4 1.3 �19% 4.0:1

PEX* 2.1 2.5 2.5 þ19% 4.0:1

Koch, 2004 3 days 6 days 9 days

PEX-a 18 14 15 �17% 3.3:1

PEX-a 6.2 5.3 3.5 �44% 3.3:1

PEX-c < < < e 3.3:1

PEX*/AL/PE 0.5 < < �100% 3.3:1

PEX*/AL/PEX* 15 8.2 7.6 �49% 2.5:1

PEX*/AL/PEX* < < < e 3.3:1

PEX*/AL/PEX* 35 21 15 �57% 3.6:1

PEX*/AL/PEX* < < < e 3.3:1

Lund et al., 2011 3 days 5 months 1 year

PEX-a 1.8 < 0.2 �89% 3.0:1

PEX-a 0.4 0.2 < �100% 3.4:1

PEX-a 2.2 < < �100% 3.4:1

PEX-a 1.7 0.5 0.2 �88% 3.4:1

PEX-a 9.5 0.2 < �100% 3.4:1

PEX-a 4.8 < < �100% 4.8:1

PEX-b 9 0.2 0.2 �98% 3.4:1

PEX-b 0.8 0.5 1.1 þ38% 2.7:1

PEX-c < < 0.4 þ100% 3.4:1

PEX-c 0.4 < < �100% 4.0:1

PEX-c 0.3 < 0.5 þ67% 3.4:1

Kelley et al., 2014 3 days 6 days 9 days

PEX-b 0.38 0.35 0.38 No change 2.4:1

PEX-b 0.97 1.20 1.07 No change 2.4:1

a Percent change inmean TOC is reported as the difference in TOC from experiment start to finish. Less than symbol (<) indicates below level of

detection; Asterisk (*) indicates that the type of PEX pipe was not reported by the authors. PE ¼ polyethylene, AL ¼ aluminum.
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(NAHB, 2006; Connell et al., 2014). LCA comparisons between

PEX and copper pipe have demonstrated that, from cradle-to-

grave, PEX pipe requires 25e60% less energy and produces

50e75% less CO2 than copper pipe (Franklin Associates, 2011).

PEX is used in residential and commercial buildings, being the

favored choice for homeowners replumbing their homes (54%)

compared to 9% for copper and 7% for chlorinated polyvinyl

chloride (cPVC) (Lee et al., 2013). Research has demonstrated

that PEX pipes can adversely impact drinking water chemical

and odor quality (a recent review is available in Whelton and

Nguyen, 2013), but only a single brand has been examined in

the USA (Durand and Dietrich, 2007). Research shows that

cPVC also impacts water chemical quality (Heim and Dietrich,

2007). Little information is publicly available about the impact

of USA sold materials on drinking water quality, a critical

component of indoor environmental quality.

In the USA, many PEX pipes are certified with NSFI Stan-

dard 61 and the International Plumbing Code permits pipes for

potable water use if they are NSFI 61 certified (IPC, 2009). The

National Sanitation Foundation International (NSFI) is a non-

profit, third party organization that certifies pipes meet spe-

cific performance standards (NSFI, 2007). Certification is

optional. Test results are not publicly disclosed. NSFI certified

PEX pipes have been involved in lawsuits over pipe failures

(PHR Consultants, 2008; Eckhouse, 2008) and chemical leach-

ing (G€atcher and Müller, 1990; Brocca et al., 2002; Reid, 2005;

Enslow, 2008; Denberg et al., 2009; Whelton and Nguyen,

2013). Some American (Chemaxx, 2007; Durand and Dietrich,

2007; Kelley et al., 2014) and European investigators
(Skjevrak et al., 2003; Koch, 2004; Lund et al., 2011) have

demonstrated PEX pipes can leach chemicals and cause odor

issues.

To date, 158 contaminants have been found in water that

contacted PEX pipes (Whelton and Nguyen, 2013). European

researchers have detected PEX pipe additives and their

degradation products for up to 1 year after simulated instal-

lation (Lund et al., 2011). Notable total organic carbon (TOC)

levels have also been reported (Table 1) (Skjrevrak et al., 2003;

Koch, 2004; Lund et al., 2011). TOC is a general indicator of the

total mass of organic material present. Unlike in Europe

(UKDWI, 2008), no USA drinking water standard exists for TOC

release fromplumbingmaterials, but natural organicmatter is

removed during drinking water treatment until TOC values

are below a USEPA dictated standard to prevent disinfectant

byproduct formation during water transport and storage. Eu-

ropean investigators have discovered PEX pipes contribute

0.5e2.0mg/L TOC (Skjevrak et al., 2003; Lund et al., 2011; Koch,

2004) and drinking water that contacted some PEX pipes have

resulted in levels as high as 35 mg/L (Koch, 2004). While free

chlorine disinfectant can transform organic carbon into

disinfectant byproducts, such as trihalomethane (THM) con-

taminants, transformation of leached compounds from PEX

into THMs has received little scrutiny. Heim and Dietrich

(2007) examined THM levels generated during a

72 h stagnation period with 2 mg/L free chlorine solution for a

single brand of high-density polyethylene (HDPE) pipe. No

THM contaminants were found. However, plastic pipes have

service-lives much greater than 72 h in practice and organic
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carbon leaching from different PEX brands has been shown to

vary widely (Table 1). Disinfectant-organic carbon reactions

could also result in low residual chlorine levels, increased

heterotrophic plate count and biofilm proliferation (Snead

et al., 1980; LeChevallier et al., 1990; 1996; Hallam et al., 2001;

Butterfield et al., 2002; Nguyen et al., 2012). To select mate-

rials with low water quality impact potential, more data are

needed.

Odor is an important characteristic of palatable drinking

water and PEX pipes have shown to alter odor in the labora-

tory and in plumbing systems. Chemaxx (2007) reported

“strange” odors in newly constructed USA PEX plumbed

homes but did not quantify them. Threshold odor number

(TON) characterization is a frequently applied drinking water

odor method. A USEPA secondary maximum contaminant

level (SMCL) has been set at 3 TON (EPA, 2010). TON analysis

involves sample dilution with odor free water until no odor is

perceptible. Despite acknowledged limitations, researchers

across the world have applied this method because govern-

ment based drinking water odor standards do not exist for

comparison (Mallevialle and Suffet, 1987). European re-

searchers, in a series of experiments with different PEX

brands and different durations of exposure, have documented

odor caused by PEX pipes ranging from 4 to 128 TON (Skjevrak

et al., 2003; Lund et al., 2011; Koch, 2004). 128 TON means

1.5mL of samplewater needed to bemixedwith 198.5mL odor

free water before odor subsided. In the US, when flavor profile

analysis was applied instead of the TON method, weak to

moderate intensity odors were documented for a single PEX

brand over 9 days (Durand and Dietrich, 2007). Several po-

tential odor causing chemicals were found in the water, but

only the odorant ethyl-tert-butyl ether (ETBE) was quantified.

The purpose here was to examine the chemical and odor

quality impacts of PEX pipes in green buildings and contribute

knowledge regarding PEX potable water pipe sold in the USA.

Specific objectives were to (1) characterize drinking water

from a PEX plumbed net-zero energy building, (2) measure

odor and chemical characteristics of the contact water sam-

ples, (3) assess the free chlorine demand of contact waters and

(4) determine the effect that chlorine has on the aforemen-

tioned parameters.
2. Methods and materials

2.1. Principle

Tap water chemical quality at a net-zero energy building was

examined by applying methods described below. PEX pipe

migration behavior was also characterized by the application

of 30 day migration tests for six brands of new PEX pipe under

two disinfectant conditions (no disinfectant and 2 mg/L free

chlorine). Chlorine levels of 2 mg/L were chosen because that

is typical for drinking water treatment and equivalent to what

was used in the single previous US study (Durand and

Dietrich, 2007). PEX pipe contact water quality was described

using headspace-solid phase microextractionegas chroma-

tography mass spectrometry (HS-SPMEeGCMS), liquid liquid

extractionedirect injectionegas chromatography mass spec-

trometry (LLEeDIeGCMS), TON, TOC, ultraviolet absorption at
254 nm (UV254), specific ultraviolet absorbance (SUVA) and

chlorine demand. Water samples were prepared and charac-

terized in accordance with standard methods (APHA et al.,

1995).

2.2. Glassware preparation and PEX pipes used for
testing

Glass containerswere cleaned in 10% v/v nitric acid and rinsed

with Ultrapure Milli-Q™ water. Caps were polytetrafluoro-

ethylene (PTFE) and water samples were stored headspace

free at 4 �C. Six brands of PEX pipe were examined; each was

stamped with NSFI Standard 61 certification. PEX-a, -b and -c

pipes were obtained from building supply stores. The three

types of pipes differ from each other by the crosslinking pro-

cess employed in their formation: peroxide reaction (PEX-a),

silane reaction (PEX-b) and beta irradiation (PEX-c) (Peacock,

2001). For more detail on the differences between pipe types

against the backdrop of chemical leaching and water quality

impacts, please see Whelton and Nguyen (2013).

Dimensions of each pipe were measured (Table S1). Three

meter sections were used for each test.

2.3. Laboratory migration tests

Each pipe underwent 10 consecutive 72 h water exposure

periods, an adapted procedure from others (Skevjrak et al.,

2003; Koch, 2004; Schweitzer et al., 2004; Lund et al., 2011).

The 72 h period was chosen for consistency among studies

and simulates a premise plumbing system that was not

operated during a weekend. Pipes were filled with water,

allowed to stagnate for 72 h, then emptied. Water was

collected and characterized after exposure periods of 1, 5 and

10 (days 3, 15 and 30). Three pipes for each migration test

served as replicates. Synthetic tap water was prepared with

UltrapureMilli-Q™water and salt concentrations typical of an

Eastern US drinking water (Zhang and Edwards, 2009) (Table

S2). Free chlorine was measured using a HACH® 131 Pocket

Colorimeter II. Chlorine demand was calculated as initial

minus final free chlorine concentration.

2.4. Total organic carbon and ultra-violet absorbance at
254 nm analysis

TOC concentration was measured using a Shimadzu TOC-L

CPH/CPN in accordance with USEPA method 415.1 (EPA,

1999). Calibration standards of 0, 2, 4 and 5 mg/L were used

and a coefficient of determination of 0.9989 was obtained.

UV254 absorbance was measured using a HACH® DR 5000

UVeVis Spectrophotometer in accordance with USEPA

method 415.3 (EPA, 2005). The TOC and UV254 limits of detec-

tion were 0.10 mg/L and 0.001 cm�1, respectively.

2.5. Threshold odor number

Olfactory water properties were described using the TON

method (EPA, 1971) at 55 �C. Ultrapure Milli-Q™ water was

used as a reference and to dilute the test water. Prior to TON

testing, chlorinated samples were dechlorinated with sodium

thiosulfate. The total number of participants consisted of a

http://dx.doi.org/10.1016/j.watres.2014.08.051
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Table 2 e Contaminants de cted in a net-zero energy drinking water PEX-a plumbing system.

Building sampling location d the associated water temperaturea

First fl kitchen sink Second floor bathroom sink Outside faucet Spigot

Cold Hot Cold Hot Cold

2,5-Di-tert-butyl-phenolc

(Antioxidant degradate)

2,6-Di-tert-butyl-p-benzoquinon ,e,f

(Antioxidant degradate)

2,5-dimethyl-2,5-Hexanediolc,d

(Mfg. byproduct)

2-ethyl-Hexanal (Antioxidant)

2-ethyl-1-Hexanold (Mfg. aide)

Tetrahydro-2,2,5,5-tetramethyl anc

(Mfg. aide)

2-ethyl-1-Hexanold (Mfg. aide)

2-Nonanone (Solvent)

Tert-amyl methyl ether (TAME)

(Initiator degradate)

Tetrahydro-2,2,5,5-tetramethyl-furanc

(Mfg. aide)

Toluenec (Resin solvent)

2-Nonanone (Solvent)

Octanolc (Mfg. aide)

Toluenec (Resin solven

2-ethyl-1-Hexanold (Mf aide)

5-methyl-2-Hexanoneb,c,e (Resin solvent)

Tetrahydro-2,2,5,5-tetramethyl-furanc

(Mfg. aide)

a Contaminants reported were t detected in the copper service line.
b Compound was detected for pipes available in Norway tested by Skjevrak et al. (2003).
c Compound was detected for pipes available in Germany tested by Koch (2004).
d Compound was detected for pipe available in the USA tested by Durand and Dietrich (2007).
e Compound was detected for pipes available in Norway tested by Lund et al. (2011).
f Compound was detected for P pipes available in Denmark tested by Brocca et al. (2002). Limited information is available regarding the chemic and odor quality impacts of PEX plumbing systems

in the USA. Results of the labora y testing (literature) accounts for nine days period while the plumbing system represents six months of operat n; Drinking water was supplied to the building by a

regional water treatment facili hat applied conventional drinking water treatment. Free chlorine was the residual disinfectant and the disin ctant residual concentration ranged from <0.10 to

3.2 mg/L for the water distribut system. Two major rivers were the drinking water sources and the water treatment facility serves 1.4 millio people.
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Fig. 1 e TON data for Days 3, 15, and 30 with (a) no disinfectant and (b) 2 mg/L free chlorine. Mean and standard deviation

values reported. EPA TON SMCL is 3.
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pool of 21 volunteers; four participants were selected for each

sampling. Each participant tested three flasks for a given pipe,

totaling 12 replicates.

2.6. Gas chromatography mass spectrometry

Volatile organic contaminants (VOC) were detected by the

application of HS-SPME GCMS. Samples were prepared by

adding 10 mL of sample water to 20 mL amber vials. In an

autosampler, vials were agitated at 50 �C and 500 rpm for

30 min to facilitate volatilization. The vial septum was

pierced with a 75 mm Carboxen® e Polydimethylsiloxane

(CAR/PDMS) fiber which was then held static for the last five

minutes of agitation for contaminant adsorption. The fiber

was inserted into the GC port and underwent desorption for

three minutes at 280 �C. An Agilent 7890A GC was connected

to an Agilent 5975C mass spectrometer (MS) which was

operated in splitless mode. The column was an Agilent HP-5

(30 m � 320 mm � 0.25 mm). The GC oven program was held

at 40 �C for four minutes, increased at 20 �C/min to 300 �C
which were sustained for three minutes. The total run time

was 19 min. HSeSPMEeGCMS methods were adapted from

the literature (Cassada et al., 2000; Oh and Stringfellow,

2003; Durand and Dietrich, 2007). The helium carrier gas

flow rate was 1.0 mL/min. The MS was operated in scan

mode over a m/z range of 50e100. Chemical identification

was based on the National Institute for Standards and

Technology (NIST) 2011 database of mass spectra. ETBE is

reported in the literature as the main component in water

from PEX-b piping (Koch, 2004; Durand and Dietrich, 2007;

Lund et al., 2011). The ETBE calibration curve prepared

using standards at 5, 50, 100 and 150 mg/L had a coefficient of

determination of 0.9835.

Semi-volatile organic compounds (SVOC) were detected by

the application of LLE-DI GCMS. Samples were prepared by

extracting 200 mL of water with three consecutive 20 mL

dichloromethane extractions. Extracts were concentrated to

0.5 mL using a rotation evaporator, 300 mbar, room temper-

ature. Extract (5 mL) was injected at 280 �C. For SVOC detec-

tion, the GC was operated with a 20:1 split. The GC was held

http://dx.doi.org/10.1016/j.watres.2014.08.051
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Table 3 e Statistical significance of exposure duration, pipe brand, and the presence of disinfectant for TOC, UV254

absorbance and SUVA levels.

Factor TOC, mg/L UV254 absorbance cm�1 SUVA, L-mg/M

Sig.? p Sig.? p Sig? p

Main effect

Exposure Duration Yes <0.001 Yes <0.001 Yes <0.001
Brand Yes <0.001 Yes <0.001 Yes <0.001
Disinfectant No 0.114 Yes <0.001 Yes <0.001
Interaction effect

Time and Brand Yes <0.001 Yes 0.003 Yes <0.001
Time and Disinfectant Yes <0.001 No 0.301 No 0.470

Brand and Disinfectant Yes <0.001 Yes <0.001 Yes <0.001
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isothermal at 40 �C for 4 min, then increased at 12 �C/min to

300 �C which was sustained for 10 min. The MS was operated

in scan mode, m/z range 50e500. Carrier gas, flowrate and the

identification of detected mass spectra methods were similar

to the VOC approach. Percent recoveries for the extraction
Fig. 2 e TOC Levels for Days 3, 15, and 30 with (a) no disinfectan

values reported.
were tested on three synthetic standards (toluene, naphtha-

lene and phenanthrene) as in Koch (2004). Toluene has pre-

viously been detected in water that contacted PEX pipes

(Koch, 2004), naphthalene and phenanthrene are structurally

related by increasing the number of aromatic rings and were
t and (b) 2 mg/L free chlorine. Mean and standard deviation

http://dx.doi.org/10.1016/j.watres.2014.08.051
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Fig. 3 e UV254 Absorbance values for Days 3, 15, and 30 with (a) no disinfectant and (b) 2 mg/L free chlorine. Mean and

standard deviation values reported.
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chosen to represent the extractability of a range of aromatic

compounds. Percent recoveries for three replicates of each

were: 92.8 ± 19.5% (toluene), 68.5 ± 20.4% (naphthalene) and

74.0 ± 29.3% (phenanthrene).
2.7. Sampling of a PEX-a plumbed Net-Zero Energy
building plumbing system

Tap water VOC content was determined for a Gaithersburg,

Maryland PEX-a pipe plumbing system within a Net-Zero En-

ergy building. Water was collected six months after the

plumbing system was installed and had undergone regular

use. Samples were collected from various taps and the copper

water service line. The service line represents water quality

before city tapwater entered the PEX-a plumbing system. VOC

analysis was conducted using HS-SPME GCMS. Contaminants

reported were only detected at the three faucets in the

plumbing system, not in the service line.
2.8. Statistical analysis

R statistical computing (R Core Team, 2013) was used to

perform three factor analysis of variance (ANOVA) with first

order interaction. The significance level for all data was

selected as an a of 0.05. For TON, means are reported as geo-

metric mean and standard deviation in accordance with

USEPA method 140.1 (EPA, 1971); all other means are reported

as arithmetic mean and standard deviation.
3. Results and discussion

3.1. Field investigation of a PEX-a Pipe Net-Zero Energy
building plumbing system

Eleven contaminants including PEX pipe antioxidant degra-

dation products, resin solvents, initiator degradation products

and manufacturing aides were found in tap water samples

collected from a six month old net-zero energy PEX-a

http://dx.doi.org/10.1016/j.watres.2014.08.051
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Fig. 4 e SUVA values for Days 3, 15, and 30 with (a) no disinfectant and (b) 2 mg/L free chlorine. Mean and standard deviation

values reported.
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plumbing system (Table 2). Chemical structures of these

compounds are shown in Fig. S1. Detected contaminants

included one regulated (toluene) and several unregulated

contaminants and different contaminants were detected at

different taps within the building. Little to no information is

available on the toxicity of the unregulated contaminants,

highlighting an important area for future research. Most

contaminants found here have also been identified in Euro-

pean PEX plumbing systems with the exception of 2-

ethylhexanal and 2enonanone. 2-Ethylhexanal is a metabo-

lite that can form during degradation of bis(2-ethylhexyl)

phthalate, a common plasticizer (Kohlpaintner et al., 1999;

Pham et al., 2011; Pich�e et al., 2012). 2-Nonanone is a solvent

used in polymer applications (Hartley and Guillet, 1968). The

information presented in Table 2 represent the only publicly

available field data for a USA PEX plumbing system. Because it

was unknown at the outset of this study which compounds

would be detected, calibration curves were not available and

concentrations/limits of detection were not established.
Clearly, additional studies are required to aid building de-

signers, homeowners and water utilities in improving indoor

environmental quality and understanding customer

complaints.

3.2. Six brands of new PEX-a, PEX-b and PEX-c pipe

3.2.1. Drinking water odor
Malodorous water is generally perceived as not safe to drink

(McGuire, 1995) and odor complaints have been used to detect

problems in water distribution systems (Whelton et al., 2007).

All PEX pipes examined in this study caused drinking water

odor, ranging from 1.4 to 75 TON. Every pipe caused odor to

exceed the EPA SMCL even on day 30 (Fig. 1). On day 30, all PEX

pipes caused drinking water to have an odor level equal to or

less than the day 3 TON value. Panelists described drinking

water odors as: chemical, detergent, fruity, plastic and musty.

Pipe brand, exposure duration and disinfection all affected

drinking water odor levels. All chlorinated water samples

http://dx.doi.org/10.1016/j.watres.2014.08.051
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Fig. 5 e Chlorine Demand Values for Days 3, 15, and 30 with 2 mg/L free chlorine initial chlorine concentration. Mean and

standard deviation values reported. Error bars not shown when the standard deviation was zero.
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were dechlorinated before odor testing so that the smell of the

disinfectant did not factor into results. In fact, the chlorina-

tion actually reduced the TON value of PEXa-2 pipe from 24 to

7 TON on day 3. In contrast, the odor level caused by PEXa-1

pipe that contacted chlorinated water was 75 TON and was

substantially greater than the 26 TON of non-chlorinated

water for the same PEX material. For some pipe brands, TON

values were greatest on day 15, not day 3. Odor levels detected

during this study were substantially greater than those re-

ported in prior studies, with the exception of Koch (2004).

Dissimilar results imply that odor generation is complex,

confirmed by the observation that odor was affected by all

parameters tested in nonpredictable ways: PEX pipe brand,

exposure to free chlorine and exposure duration. Additional

work is needed to understand the causes and agents respon-

sible for these odors.

3.2.2. Total organic carbon
Pipes were filled with water that had TOC levels less than the

TOCmethod detection limit (MDL) of 0.10mg/L. Here, the data

show that different brands released different amounts of

organic carbon. Values and patterns were similar to European

investigations. In absence of disinfectant, TOC concentrations

decreased over the 30 day exposure period (Table S3). TOC

reduction rates were not similar for all brands (p < 0.001)

(Table 3). Exposure duration (p < 0.001) and pipe brand

(p < 0.001) influenced drinking water TOC levels. Although the

presence of free chlorine disinfectant by itself did not affect

the observed TOC level (p¼ 0.114), the presence of disinfectant

coupled with the other factors (brand and exposure duration)

did (Table 3). PEX-a1 pipe leached the greatest amount of TOC

for every exposure period. Chlorinated and non-chlorinated

water that contacted PEX-b pipes released similar amounts

of organic carbon initially (day 3 testing). Subsequent addi-

tional contact (tested on days 15 and 30), however, produced

greater amounts of organic carbon with chlorinated vs. non-

chlorinated water. PEX-c pipe, which is manufactured

without crosslinking reagents, released the least amount of
organic carbon during the study and was unaffected by chlo-

rine (Fig. 2). Significant interaction effects are tabulated in

Tables S4eS6, when an interaction effect is present, each

combination of factors work as a separate factor.

3.2.3. Aromatic component of the organic carbon
To better understand the potential for DBP and biofilm for-

mation (Dobbs et al., 1972; Edzwald et al., 1985; Norwood et al.,

1987; Fujii et al., 1998; Fram et al., 1999; Singer, 1999; Weishaar

et al., 2003;Westerhoff et al., 2004; Xie, 2004; Chow et al., 2005,

2008), UV254 absorbance measurements and SUVA calcula-

tions were carried-out. In absence of a more direct means of

measurement, these parameters generally correlate with

aromaticity/biovailability and are used as a general measure

of such characteristics for water quality monitoring. For most

pipes, on day 30, the drinking water UV254 absorbance level

was lower than or unchanged from that on day 3. However,

UV254 absorbance reduction rates were not similar for all

brands and absorbance values ranged from 0.001 cm�1 to

0.01 cm�1. Exposure duration (p < 0.001), pipe brand (p < 0.001)

and the presence of free chlorine disinfectant (p < 0.001) all

influenced UV254 absorbance results. Two statistically deter-

mined groupings of PEX pipe with similar UV254 absorbance

responses emerged: PEX-b1 and PEX-b2 pipes had the greater

UV254 values than PEX-a1, PEX-a2, PEX-b3 and PEX-c1 pipes

(Fig. 3).

For all cases, SUVA level increased over the 30 day expo-

sure period. Time (p < 0.001), pipe brand (p < 0.001) and the

presence of free chlorine disinfectant (p ¼ 0.003) influenced

SUVA results. Three groupings of PEX pipe with similar SUVA

responses emerged: PEX-c1 pipe had the greatest SUVA

values, followed by PEX-a2, PEX-b1, PEX-b2 and PEX-b3 pipes

and, finally, PEX-a1 pipe (Fig. 4). Non-chlorinated water in

contact with PEX pipe showed slight increases in SUVA values

over 30 days. Chlorination did not change SUVA responses.

For both UV254 absorbance and SUVA, time and disinfectant

individually influenced the results for each brand (Table 3).

Each brand showed different UV254 absorbance and SUVA

http://dx.doi.org/10.1016/j.watres.2014.08.051
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Table 4 e Compounds found in water that contacted PEX pipes.

Detected compounds by LLE GCMS RT, min. S pling interval at which compou d was detected (days)a Source

PEX-a1 PEX-a2 PEX-b1 PE -b2 PEX-b3 PEX-c1

Pyridine 3.1 3 Solvent

Toluene 3.5 30 Solvent

1,1,1,2-Tetrachloroethane 5.5 30 Solvent

Methyl trichloroacetate 7.1 15 3 15 15 0 3,15 15,30 Unknown

Pentadecane 14.8 30 Solvent

2,4-Di-tert-butylphenol 15.0 3 Antioxidant

2-Methyl-pentadecane 15.4 30 Unknown

3-Methyl-pentadecane 15.5 30 Unknown

Hexadecane 15.9 30 Solvent

Heptadecane 16.7 30 Unknown

7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione 18.8 3 3,15,30 Antioxidant

Benzenepropanoic acid, 3,5-bis(1,1-dimethylethyl)-4-hydroxy-, methyl ester 19.0 3 Antioxidant

Bis(2-ethylhexyl)adipate 22.4 15,30 3 15 Plasticizer

4-Octyl-N-(4-octylphenyl)-benzenamine 25.8 15 Antioxidant

Multiple unidentified Varies 3,15,30 3,30 3,15 3,1 ,30 3,15,30 3,15,30 e

a Compounds reported had a NIST Library Match of 90% or greater; RT is the retention time. Compound etected by LLE-DI-GCMS method. As erisk (*) identifies substances regulated by USEPA.
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levels over 30 days and different results for each disinfectant

condition. Combined, the data indicate that different pipes

leach different mixtures of chemicals.

3.2.4. Free chlorine demand
PEX pipes caused chlorine level reductions ranging from 0.1 to

0.5 mg/L. Where low drinking water chlorine residuals are

permissible per USA regulation (0.2 mg/L), most of the PEX

pipes examined here could cause a complete loss of disinfec-

tant within a plumbing system during a 72 h stagnation.

Absence of disinfectant could allow for increased biofilm

growth andunmaskunderlying odors. However, not all carbon

is labile, not all carbon reacts to form DBPs and not all disin-

fectantsmaskunderlying odors (Oestman et al., 2004). The PEX

pipe brand (p ¼ 0.142) had little influence on the chlorine de-

mand while exposure duration (p < 0.001) was statistically

significant. Chlorine demand reduction rates were not similar

for all brands (p < 0.001) (Fig. 5). PEX-a2 pipe showed greater

chlorine demand over 30 days whereas all other PEX pipes

showed a decrease in chlorine demand or no change.

3.2.5. ETBE, MTBE and TBA
ETBE, MTBE and TBA are widely studied decomposition

products of di-tert-butylperoxide, a PEX crosslinking initiator

compound. ETBE was not detected for either PEX-c or PEX-a.

However, MTBE and TBA were, but not quantified for PEX-a1

pipe on day 3. All three PEX-b pipes imparted ETBE into

water ranging from3 to 179 mg/L (Fig. S2). In the literature, PEX-

b pipes were described to cause ETBE levels of: >100 mg/L (3

days), 23 mg/L (9 days), 9 mg/L (3 days), 3 mg/L (1 year) (Durand

and Dietrich, 2007; Lund et al., 2011). Here, ETBE concentra-

tions decreased with time, but ETBE was still detected at

74.5 mg/L after 30 days. An important finding is that evenwhen

ETBE and MTBE, known odorants with detectable odors above

2 and 16 mg/L concentrations respectively (van Wezel et al.,

2009), were not detected, water still had TON values as high

as 30. The limit of quantification for ETBE in this study was

5 mg/L. This finding implies that other agents were responsible

for odor. To date, no studies have identified odorants other

than ETBE and MTBE for PEX pipe.

ETBE reduction rates were not similar for all brands

(p < 0.001). Time (p < 0.001) and pipe brand (p < 0.001) influ-

enced ETBE levels. PEX-b3 pipe produced the greatest ETBE

concentrations whereas PEX-b1 and PEX-b2 pipes produced

similar ETBE concentrations over 30 days. ETBE concentra-

tions decreased after 30 days for both PEX-b1 and PEX-b2

pipes. Notably, ETBE was not quantified for chlorinated

water samples because trichloromethane, generated during

the chlorination, coeluted with ETBE. The GC method could

have been altered to separate the two peaks, but this study

emphasized aesthetic water issues and organic chemical

detection. It was not the primary objective to quantify any

specific compound. Durand and Dietrich (2007) reported lower

ETBE concentrations for a single brand of PEX pipe exposed to

water with disinfectant. The role of disinfectant presence on

ETBE levels should be further investigated.

3.2.6. Additional contaminants found
Sixteen chemicals were tentatively identified in contact water

for all six brands with a NIST library match of 90% (Table 4).
Chemical structures of these compounds can be found in

Fig. S1. Toluene was detected in PEX-b3 pipe contact water on

day 30 similar to other PEX studies (Koch, 2004; Kelley et al.,

2014). Toluene was the only EPA regulated drinking water

chemical detected and has a 1 mg/L MCL. 2,4-Di-tert-butyl-

phenol, an antioxidant used in polymer synthesis, was

detected in PEX-b2 pipe contact waters on day 3 and has also

been found by others for PEX-a, -b and -c pipes (Koch, 2004;

Lund et al., 2011). 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-

diene-2,8-dione which is also an antioxidant degradation

product was also detected in PEX-b pipe contact water on days

3, 15 and 30 and has been found by other PEX researchers (Lilja

et al., 2010; Biedermann et al., 2014). Koch (2004) reported this

compound in PEX-a, -c and multilayer PEX pipes (type not

reported).

Several other compounds tentatively identified here were

not reported by other investigators. Methyl trichloroacetate

was detected for all six PEX pipe brands when 2 mg/L free

chlorine was present and was not found in non-chlorinated

water that contacted PEX pipes. It is, therefore, tentatively

suspected to be a chlorination product. Pentadecane and

hexadecane are solvents used in organic synthesis and were

detected in water that contacted PEX-b3 pipes on day 30

(Lewis, 1993). 3,5-Bis(1,1-dimethylethyl)-4-hydroxy-, methyl

ester benzenepropanoic acid was detected for PEX-b pipe on

day 30 and is an antioxidant for polymer synthesis (Pitteloud

and Dubs, 1994). Pyridine is a known carcinogenic water

proofing solvent and was detected for PEX-b2 pipes on day 3

(Lewis, 1997; USHHS, 2000). 1,1,1,2-Tetrachloro-ethane is a

feedstock for chlorocarbon solvents andwas detected for PEX-

b3 pipes on day 30 (National Research Council, 1977; Kirk-

Othmer, 1993). 4-Octyl-N-(4-octylphenyl)-benzenamine is an

antioxidant and was detected for PEX-c1 pipes on day 15

(Hawley, 1977). Bis(2-ethylhexyl)adipate is a plasticizer and

was detected for PEX-b2 pipes on day 3 (Lewis, 1997). 2-

Methyl-pentadecane, 3-methyl-pentadecane and heptade-

cane were all detected in PEX-b3 pipe contact water on day 30,

but their relation to PEX manufacturing chemicals was un-

known. Other chemicals were detected across all periods, but

did not produce a >90% NIST library match. Few studies are

available to which to compare the present results. As more

PEX pipe continues to enter plumbing system inventories, the

frequency of exposure to PEX pipe migration and degradation

products will likely increase. To understand the toxicological

significance of such exposure more work is needed.
4. Conclusion

This investigation defines the complexity of PEX potablewater

pipe leaching behavior and the ability of these materials to

alter green building drinking water quality. Contaminants

responsible for odor were not solely ETBE or MTBE, but remain

unknown. Nine contaminants detected in the PEX plumbing

system have been detected in Europe, while two are unique to

this study.

Bench-scale testing confirmed that PEX pipes purchased in

the USA leached organic chemicals into drinking water and

caused odors greater than the USEPA SMCL of 3 TON to water

for all six brands tested for nearly 30 days. Odor imparted into

http://dx.doi.org/10.1016/j.watres.2014.08.051
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the water was lower on day 30 than on day 3 for all brands of

PEX pipe, but remained above the SMCL. The presence of

chlorine disinfectant did appear to cause certain PEX pipe

brands to impart greater odors into the water at certain

stagnation times (Fig. 1). Although tested PEX pipe brands

performed differently, aesthetic issues can be expected with

newly installed PEX pipes for all brands. These results imply

that, with continuous use, odors imparted into drinking water

from PEX pipes will decrease as the premise plumbing ages,

but the time required and agents responsible for causing those

detectable odor require further investigation.

The greatest TOC levels occurred on day 3 for all exposure

periods and decreased by day 30, but TOC results did not

predict TON values. UV254 absorbance results implied that,

although the TOC decreased over 30 days, the aromatic

portion of TOC was very similar throughout the 30 day expo-

sure period. ETBE, specifically, was detected in the water of

three PEX-b pipes; concentration decreased over 30 days.

MTBE and TBA were detected for PEX-a1 pipe on day 3 only.

Compounds other than MTBE and ETBE were responsible for

water odor. Water quality testing demonstrated that different

brands of pipe have varying effects on drinking water chem-

ical and odor quality. Further investigations should include

more extensive flavor and odor testing; fractionating and

characterizing the dissolved organic carbon; confirming and

quantifying organic chemicals detected in the drinking water;

field testing and examination of the impacts that disinfectants

have on drinking water chemical and odor quality.
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