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ABSTRACT

Author: Salehi, Maryam. Ph.D.

Institution: Purdue University

Degree Received: August 2017

Title: Exploring Contaminant Fate Within Plastic Water Infrastructure: The Nexus of
Environmental Engineering and Material Science Frontiers

Major Professor: Andrew Whelton

Plastic pipes are increasingly being used in potable water systems as corrosion
resistant low cost materials. Despite the growth and installation of plastic pipes, gaskets,
coatings, and liners in drinking water systems there are many knowledge-gaps with these
materials. Lack of knowledge regarding contaminant fate within plastic water
infrastructure systems present a possible emerging public health problem. For example,
polyethylene plastic pipes are being installed in 75% of new building construction, and
buried water service. For this dissertation research, water chemistry, environmental
engineering, polymer and surface science and principles were applied to address several
knowledge-gaps regarding plastic pipes. The first chapter of this dissertation focusses on
reinforced plastic composites, materials sometimes used for water piping. Chapter 1
describes the influence of carbon nanofiber reinforcements on polyester composite water
uptake and organic contaminant release. The experiments revealed that oxidized carbon
nanofibers (CNFs) in the polyester composites significantly influenced water-composite
interactions and organic contaminant leaching. Chapter 2 of this dissertation describes an
investigation of the linkage between fixture water use and drinking water quality in a new
green building. It was found that at the basement fixture, where the least amount of water
use events occurred, greater organic carbon, bacteria, and heavy metal concentrations
were detected. Different fixture use patterns resulted in disparate drinking water quality
within the same residential building. Within Chapter 3, results of experiments conducted
to determine the factors that influence Pb accumulation on the surface of low density
polyethylene (LDPE) were discussed. Pb deposition onto LDPE as a function of time was
modeled using the pseudo-1%-order equation, and an ozone based accelerated aging

method for LDPE oxidation was developed. Greater Pb precipitation rates were found for
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aged LDPE compared to new LDPE at both tested pH values. However, at pH 11 less Pb
surface loading on aged LDPE was detected compared to Pb loadings at pH 7.8. The
final chapter of this dissertation explains an investigation into the abundance of metal
deposition onto 1-year old crosslinked polyethylene (PEX) plumbing system. Results
showed that total metal loadings differed between hot and cold water line pipe segments
and water temperature influenced surface scales. A bench scale experiment revealed that
the polyethylene surface served as a nucleation site for Fe crystals. This dissertation work
provides a foundation for continued exploration of contaminant fate in water

infrastructure.
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CHAPTER 1 : POLYESTER COMPOSITE WATER UPTAKE AND
ORGANIC CONTAMINANT RELEASE AFFECTED BY CARBON
NANOFIBER REINFORCEMENTS

Maryam Salehi, Ajay Krishnamurthy, Aaron M. Forster, Kuang-Ting Hsiao, Andrew J.
Whelton
Published in Journal of Applied Polymer Science (2016), 133(30), 1-9

1.1 Abstract

The incorporation of carbon nanofiber (CNF) into glass fiber (GF) composites is a
potential route to extend polymer composite service-life and enhance mechanical
properties. Under non-static conditions, only limited information concerning water
uptake and contaminant release properties of nanocomposite materials is currently
available. Polyester composites containing glass fiber and oxidized carbon nanofiber
were immersed in water for 30 days under nominal pressure at 23 °C, below the
polymer’s glass-transition temperature. Water was analyzed and changed every three
days to simulate water chemistry regeneration similar to exposures in flowing systems.
Composites with oxidized CNF had greater water sorption capacity and leaching rates
than CNF-free composites. The total mass of organic contaminant released correlated
with the amount of water sorbed by each composite (r? = 0.91), although CNF dispersion
was found to vary greatly within composites. The greatest and least contaminant release
rates were found for the polyester-CNF and the polyester-GF composites, respectively.
While, volatile aromatic resin solvents and stabilizer compounds were detected, their
concentrations declined over the 30 day exposure period. We hypothesize that the
hydrophilic nature of the oxidized CNF increased the water sorption capacity of the
polyester composites. Additional studies are warranted that examine the impact of this

phenomenon on composite mechanical and long-term durability properties.

www.manaraa.com



1.2 Introduction

As North American buried water infrastructure pipelines continue to deteriorate,
inexpensive and corrosion resistant replacement materials are needed. Corrosion resistant
fiber reinforced plastic (FRP) pipes have been used for more than 60 years for drinking
water conveyance® and have a high strength to weight ratio. FRPs typically consist of a
polymer matrix (i.e., polyester, epoxy, or nylon) reinforced with glass, carbon, graphite,
or aramid fibers**°, Incorporation of carbon nanofiber (CNF) into resins and fiber
composites can further improve their mechanical properties!. CNF reinforcements are
high aspect ratio nanofibers spanning a wide range of diameters (50 nm to 200 nm) and
lengths (30 um to 100 pm). Further, the hydrophilic nature of CNF surfaces reportedly
enables easy dispersion into polar matrices. This combination of properties have been
shown to improve FRP tensile strength, compression strength, Young’s modulus, fracture
toughness, and delamination resistance?*6, Many nanotechnology enhanced water
infrastructure materials containing multi wall carbon nanotubes (MWCNT), TiO2 and
clay, have already received U.S. patents and some are being sold outside North America
for potable water transport'’-2L,

Despite scientific research associated with the performance of hanocomposites,
such as CNF in FRP pipes, there is little to no information regarding its influence on
water/polymer interactions. It is well-known that polyester composites uptake water
when immersed in deionized, tap, brackish, and salt water solutions (Table 1-1)%>2,
Composite water sorption is important because water can degrade the polymer/fiber
interface, facilitate matrix oxidation or void formation, and lead to FRP mechanical
performance reductions?-2, Investigators have observed that GF reduces water sorption
compared to resin only materials®! 33 since glass fibers displace resin volume, do not
absorb water, and may reduce the water diffusion coefficient through the composite®.
Though the glass fibers do not absorb water, secondary degradation processes can be
triggered by surface reactions in the presence of water, which degrades the fiber/matrix
interface resulting in loss of mechanical performance. The presence of CNF can
adversely affect moisture diffusion properties in an FRP but the extent of diffusion on

damage tolerance is not sufficiently quantified in the literature.
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A percolated, hydrophillic CNF network has the potential to adversely affect
water quality. In the presence of water, contaminants normally confined within the
polymer network can diffuse into the contact water. The diffusion rate is a function of the
contaminant molecule size, polarity, concentration gradient, and temperature. The
relationship between water transport through reinforced composites and the chemical
leaching by the composites are a fairly well studied phenomenon®-2". As the composite
achieves equilibrium with the surrounding water, the diffusion process can be modeled
by applying one of three approaches: Fickian, Case |1, and the two phase model®,
Generally, the water uptake rate (immersion) and water loss rate (drying) are greatest
(linear) during the initial exposure periods because the concentration gradients between

contact water and composite are at a maximum.
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Table 1-1 Impact of water exposure on FRP mechanical properties: literature summary

Polymer Matrix

(Reinforcement
Type) Reference

Aging Condition

Result Summary

u-Isophtalic
polyester

& vinyl ester
resins

(Glass fiber)!

DI (pH NR); 40 °C,
80 °C; 3 months

Glass fiber composites sorbed 45% to 82% less
water than polyester resin only materials at 40 °C
and roughly 20% less water at 80 °C. Water
absorption was controlled by Ty and water
temperature. Decrease in mechanical properties
observed for both composites as a result of
decrease in fiber-matrix interfacial adhesion.

u—Polyester resin

(Glass fiber)*’

TW (pH NR); 20 °C;
1, 000 hr

Water uptake measurements were conducted but
not reported; Water immersion reduced creep
strength by 60%.

u—Polyester resin

(Glass fiber)*

DI (pH NR); 30 °C;
(7, 14, 21) days

Water uptake measurements were not conducted;
Water immersion caused delamination between
fiber and matrix along with increasing bending
strength, and a significant reduction in tensile
strength.

Urethane
&modified
urethane resin

(Glass fiber)3

Alkaline water (pH
13.4); temp NR; 6
months

Glass fiber inhibited water uptake. After 6
months aging, no reduction in tensile strength for
unloaded composites was observed but tensile
strength reduction was observed for the samples
that were subjected to sustained load during the

aging.

u—Polyester resin

(Glass fiber)3®

DI (pH NR); Room
temp; 9 months

Glass fiber composite elastic modulus decreased
by 2% to 5%; Water absorption data did not fit
the Fickian diffusion model; The Lucas—
Washburn capillary flow model was deemed
more appropriate.

u—Polyester resin

(Glass fiber)?’

Artificial sea water
(34 % to 35 %
salinity) (pH NR);
30 °C; (10, 30, 60,
90, 120) days

Water uptake data were not reported; Water
immersion decreased composite tensile strength
and bending resistance; Material extraction was
detected by an observed reduction in specimen
mass during immersion.

Epoxy resin

(Glass fiber, flax
fiber)®

Water (pH NR);
Room temp; (10, 20,
30, 40) days

The fiber—polymer interface was damaged due to
water immersion for both reinforcement types;
flax fiber reinforced composites sorbed 12 times
more water than glass fiber composites.

u = unsaturated; DI = Distilled water; TW = Tap water; NR = Not reported; Not all studies reported

water pH or the ionic quality of the test water.
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From an application standpoint, the impact of a polymer composite on water
quality is extremely significant, considering an estimated 60-100 year expected lifetime
use of these pipelines®. However, on surveying water quality from 16 countries, there
were only two published FRP investigations concerning water quality and both had little
or no data on nanomaterial reinforced plastics. 4° FRP pipes are manufactured using three
basic components namely, the resin (i.e., polyester, vinyl ester), the solvents (i.e., styrene,
benzene, ethylbenzene), and the catalysts (i.e., methyl ethyl ketone peroxide (MEKP),
dimethyaniline, cobalt naphthenate)*. It has been shown that the solvents and catalysts
used for composite manufacture are often environment polluting and highly carcinogenic.
In the 1990s, researchers in the U.K. discovered that polyester/glass fiber (P/GF) pipe
released several carcinogenic and endocrine disrupting organic contaminants into
distilled water during a 24 h leaching period®. Several organic contaminants with and
without drinking water health standards were found and included: Phthalic acid ester (26
ng/L), dimethyl phthalate (21 pg/L), benzaldehyde (4 pg/L), acetophenone (3 pg/L),
styrene (0.7 pg/L), and tris(2—carboxyethyl)phosphine (TCEP) (3 pg/L). Other
contaminants detected but not quantified were dialkoxy phthalate ester, dioctylphthalate
(DOP), benzoic acid, nonanol, and 2—ethyl hexanoic acid. This 24 h test was the most
experimentally quantitative effort found in the literature. In another effort, researchers in
the U.S. reported that FRP well casings leached “five different contaminants into distilled
water,” but neither the contaminants nor experimental conditions were described*?. No
other studies were found that described either FRP contaminant leaching, the role of CNF
reinforcement on material leachability, or water quality impacts caused by CNF
containing composites. As real world applications of nano-FRPs are being realized,
understanding the influence of nanofillers on the type and concentration of contaminants
released into contact waters would highly benefit municipalities installing these solutions,
standards bodies developing test methods, safety regulators, and commercial composite
pipe manufacturers.

The hypotheses for this work were that glass fiber reinforced FRP materials
would uptake less water than a polyester material and CNF incorporation would not
affect water uptake or leaching because of its low mass fraction in the composite.

Specific objectives of these measurements were to: (1) quantify the impact of CNF on
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water quality and composite mass during a 30 day aging period and subsequent
desiccator drying, and (2) identify relationships between the contact solution quality and
the composition of the composites. Several water quality characterization methods were

applied to elucidate the magnitude of chemical release.

1.3 Experimental
1.3.1 Composite Fabrication

Four specimens were manufactured: Polyester only (P/O), and three composites
including polyester/CNF (P/CNF), polyester/glass fiber (P/GF) and polyester/GF/CNF
(P/GF/CNF). Unsaturated polyester resin (Cook Composites & Polymers, Product ID:
CI-1001-25), 0.005 mass fraction methyl ethyl ketone peroxide (MEKP), eight layers of
E—glass random fiber mats sized with an undisclosed silane coupling agent (Saint—
Gobain Vetrotex America Inc., M113 random chopped strand mat) and 0.01 mass
fraction of CNF (Pyrograf, PR-24 LHT, 150 nm average diameter, range of 70 nm to 200
nm diameter, 50 um to 200 um length, density of 1.9 g/mL) were used. Because of their
high surface area, oxidized CNFs can be dispersed easily into polar polymer matrices
such as epoxy, polyester and vinyl ester and show significant improvements in their
mechanical properties®. In the present study, oxidized CNFs were mixed with polyester
resin and sonicated in a cold water bath for 45 min. The mixture was then degassed for 10
min and MEKP was added. P/GF and P/GF/CNF panels were manufactured with the
Vacuum Assisted Resin Transfer Molding (VARTM) process®. P/O and P/CNF panels
were cast in an open mold and allowed to cure for 12 h at room temperature. Composite
thicknesses were statistically not different from one another and the surface area of each
composite subjected to water immersion was approximately 435 cm?. Sample thickness

ranged from 2.85 mm to 3.40 mm.
1.3.2 Water Immersion and Water Quality Testing

Synthetic water (pH 6.9, 47.2 mg/L as CaCQs, 23 °C) was prepared using Type |
Millipore® Milli-Q water, NaHCOs, and HCI. Specimens were immersed in covered
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glass jars filled with synthetic water (headspace free) for 30 days. Every three days,
contact water was removed, characterized, and replaced with new synthetic water. The
water exchanges simulated two conditions: water replenishment similar to a flowing
system and water chemistry stabilization through solvated ion renewal. Water quality
characterization was conducted using three replicates for each composite. The 30 day
immersion period was selected to characterize short-term water quality changes caused
by composite contact. The concentration gradient between the composite and contact
water was reset every three days. Thus, the water uptake data does not represent a single
equilibrium condition. This approach was necessary to obtain enough water sample to
describe chemical leaching during the study period and the release of volatile organics.
This concentration gradient “reset” approach is often used by the National Sanitation
Foundation International, an organization that certifies potable water contact materials in
the US*. While this approach enabled quantification of water quality impacts, standard
water diffusion models were not applicable with the data collected in this study.
Regardless, the contaminant concentration was expected to decrease over time and this
trend was confirmed from our experiments.

Water quality monitoring techniques in accordance with standard methods* were
applied to examine how the composites influenced the water chemistry. Alkalinity was
determined with 0.025 N sulfuric acid and a titration end point of pH 4.5. Water pH was
measured using an Accumet pH meter (Fisher Scientific; Pittsburg, PA) based on
standard methods. Chemical oxygen demand (COD) concentration was measured by
application of the U.S. Environmental Protection Agency (EPA) ultralow range reactor
digestion method. COD represents the total amount of organic contaminants present that
are biodegradable as well as nonbiodegradable. Total organic carbon (TOC)
concentration was determined by applying the nonpurgeable organic carbon method with
a Shimadzu TOC Analyzer. Contaminant biodegradability testing was carried-out
according to methods described in the SI. UV absorbance at 254 nm (UV2s4) wavelength
was recorded using a HACH DR5000 UV-VIS spectrophotometer. UV2s4 measures the
quantity of sp? hybridized carbon and is frequently applied to gauge the level of dissolved
aromatic compounds in water. On day 3 and 30, contact waters were also characterized

using solid—phase microextraction (SPME) gas chromatography—mass spectroscopy
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(GCMS) to determine if volatile organic compounds (VOCSs) were leached from the
composites. A 85 pum polyacrylate coated SPME fiber was conditioned at 280 °C for 3h
before initial application of the GC port. For sampling, the fiber was exposed to the
sample headspace with a 10 min adsorption time at 55 °C. Desorption was conducted in
the GC injector at 220 °C for 2 min. A SPME inlet liner (splitless, 0.75 mm 1.D.) was
used in the injection port. The GC carrier gas was helium at a flow rate 0.65 mL/min. The
GC temperature program involved a ramp from 50 °C to 100 °C at 10 °C/min., and was
maintained for 25 min. A split/splitless injector in the splitless mode was used and held
isothermally at 220 °C.

1.3.3 Composite Characterization

Water absorption and desorption was characterized for each composite.
Absorption was measured gravimetrically during the 30 day water immersion period.
Desorption was calculated during 30 days desiccator drying at room temperature.

Moisture uptake and mass loss were calculated (Equation 1-1):

Mass Gain, Mass Loss = % x 100 (1-1)

0

where Mo was the initial sample mass and Mt was the specimen mass at time of t.

Thermogravimetric (TGA) measurements were conducted with a Q500 instrument
(TA Instruments) with an air purge flow. Three replicates were conducted to determine
variability within the composites. Specimens were degraded utilizing a stepped isotherm
process. In the first step, the sample was rapidly heated (< 10 min.) to 500 °C and held
for 15 min. This action removed the majority of matrix polymer from the composite. The
sample was then rapidly heated to 700 °C and held for 15 min. This process removed
residual CNF material and left a residual glass in the TGA pan, for the case of glass
containing composites. Thermal oxidation of raw carbon nanofibers exhibited a mass
fraction loss of approximately (0.03 + 0.01) mg/mg during the 500 °C isotherm and a
final mass fraction of (0.045 £ 0.001) mg/mg (residual mass fraction) after heating to 700
°C. The presence of a stable char indicates there were non-combustible components left
from the thermal degradation process. Since there is a residual char present in both the
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combustion of the polyester and the CNF and the void fraction of the composite was not
measured, it is not possible to calculate the exact composition of the original composite.
The residual char in the composite is assumed to polyester decomposition in order to
calculate the apparent mass fraction of resin in each composite. The glass transition
temperature (Tg) of each composite was identified using TA Instrument Q2000
differential scanning calorimeter (DSC). Temperature was ramped from 40 °C to 150 °C
at 10 °C/min., quickly cooled to 40 °C at 20 °C/min., then reheated to 150 °C at 10
°C/min. to confirm the observed Tg. Nitrogen (50 mL/min.) was the applied purge gas.
For scanning electron microscopy, fractured cross section surfaces of P/CNF and
P/GF/CNF were mounted onto a stainless steel stub using a highly conductive, double
coated carbon tape (Ted Pella ®) inside a JEOL®, JSM — 7600F (Schottky field
emission), scanning electron microscope (SEM). The samples were imaged primarily
using the GB-H (gentle beam) settings to counteract excessive surface charge. The SEM
settings utilized are as follows; gun voltage: 0.7 — 2kV, substrate bias: 0.7 — 2kV, probe
currents: 20 — 40pA; WD: 4 — 8mm. Exposed surfaces of the P/GF/CNF samples were

imaged as provided to preserve the surface details on the specimens.
1.3.4 Data Interpretation and Analysis

Water quality data represent a series of 3-day leaching tests with the same
composite over a 30 day period. Based on this approach, the 30 day results were analyzed
by two-way analysis of variance (ANOVA) and 95% confidence interval. To interpret
water quality results, each aqueous contaminant concentration (mg/L) was divided by the
initial mass of resin in each composite (mg/L—mg resin), determined as the mass fraction
loss at the end of the 500 °C isotherm. This enabled all water quality data to be compared
on a “mg of contaminant / L of water — mg of resin” estimated basis. This method
incorporates an inherent mass error of 0.01 mg/mg mass fraction in the resin. Water
sorption data were converted to “mg of water sorbed/mg of resin” basis. All statistics
were applied using a Type | error of 0.05. Regression analyses were conducted on each
contaminant leaching data set. Regression slopes using 95 % confidence intervals were
applied to elucidate whether or not contaminant release rates differed between the various

composites.
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1.4 Result and Discussion
1.4.1 Composite Composition

TGA showed the quantity of CNF was smaller than expected from processing
(Figure 1-1). The instrument was able to resolve the decomposition of the CNF, but the
standard deviation was 33% for the P/CNF and 57% for the P/CNF/GF. The magnitude
of uncertainty is similar to the uncertainty in the residual mass fraction, which suggests
the quantity of CNF in the composites is near the limit of measurement resolution or the
distribution of CNF in the composites is heterogeneous. Scanning electron microscopy
(SEM) was conducted on sample cross-sections to verify the distribution of CNF.

No difference was found between the glass-transition temperatures either before
or after water adsorption/desorption testing. Tq values for the epoxy ranged between 64
°C and 72 °C (Table 1-2). SEM images of the fractured P/CNF composite revealed large
agglomerates of CNFs with diameters of a few tens of microns (Figure 1-2a,b). These
large agglomerates were found uniformly across the cross-section. Despite CNF’s
hydrophilic nature, the sonication process did not effectively disperse individual large
aspect ratio CNFs (Figure Al). Similar SEM analysis on the P/GF/CNF samples found a
bimodal CNF distribution where individual CNFs were sparsely visible in the cross-
sectional regions between glass fiber layers (Figure 1-2c), while dense CNF
agglomerates were found on the top surface of the VARTM processed composite (Figure
1-2d). The dimensions of the CNFs observed in both cases agreed with manufacturer

specifications of diameters and fiber lengths.
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Figure 1-1 Thermogravimetric scans for P/O, P/ICNF, P/GF and P/CNF/GF.

Inset 1, left shows the loss of mass during the ramp to 700’ °C for glass fiber

composites. Inset 1, right shows the loss of mass during the ramp to 700" °C for the glass
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fiber composite containing CNF. Inset 2 shows the loss of mass during the ramp to 700°
°C for the non-glass containing composite for matrix and nanocomposite.

These analytical techniques suggest an inhomogeneous dispersion and a unique
mass fraction and distribution of CNFs within each composite type. The surface
aggregation of CNF in the glass fiber composite likely results from the VARTM
processing combined with the presence of large CNF agglomerates in the matrix. The
VARTM process is a dynamic method that utilizes the flow of a low viscosity resin to fill
the glass fiber. Since the CNFs were found to exist as large agglomerates in the P/CNF
composite, it is likely these agglomerates were either filtered by the glass fibers or
preferentially transported to the exterior surface of the composite, in particular, resin rich

regions where the flow velocities are higher.

Table 1-2 Composite properties from gravimetric and thermal characterization

Material Type
Composite Polyester-
Polyester Polyester/CNF | Polyester/GF GE/CNF

Resin, mass 0.988 +0.005 | 0.980 + 0.005 | 0.400 + 0.032 | 0.368 + 0.014
fraction
GF, mass 0 0 0.600 +0.032 | 0.631 + 0.014
fraction
CNF, mass 0 0.006 + 0.002 0 0.0007 + 0.0004
fraction
]'365"?'”6‘" Mass | 0012 +0.005 | 0.014 +0.008 NA | NIA

raction

Measured Tg, °C |  67.6 +2.9 65.3 + 2.1 72.0 +0.9 68.1+ 1.5

* The constituent components are based on the change in mass from TGA thermal degradation.
T, results represent mean and standard deviation values for two individual replicates on first
heating. Residual for P/GF and P/GF/CNF composites at 700 °C could not be differentiated from
GF.
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Figure 1-2 Representative SEM images of (a) large agglomerate of CNF in the P/CNF
composite, (b) distribution of CNF within a CNF agglomerate in the P/CNF cross-
section, (c) sparsely distributed CNF across the P/GF/CNF cross-section (arrows), (d)
dense agglomerate of CNF on the top surface of P/GF/CNF composite. Supplemental
contains low magnification images of the P/GF/CNF top surface.

Each material reached water saturation over the course of the 30 day exposure
(Figure 1-3). All specimens exhibited a small mass loss of approximately 0.5 % for P/O,
P/CNF and P/GF/CNF after desiccation (Table Al). Observed mass loss indicated that
the water diffusion coefficient calculations could not be conducted.

Composites that contained oxidized CNF sorbed more water compared to the non-
CNF containing materials (Figure 1-3). The GF composite absorbed the least amount of
water and this result is similar to what has been observed in the literature, where
polyester GF composites absorbed less water than its resin-only counterparts3332*, The

inclusion of glass fiber reduced the volume of polyester resin available for water
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absorption. Oxidized CNF also increased water absorption for the P/GF/CNF composite,
but the change was not drastic as the polyester CNF composite. The hydrophilic nature of
the oxidized CNFs likely contributed to the increased water sorption capacity of CNF
containing materials. Other investigations indicate that incorporation of hydrophilic
reinforcement fibers (i.e., vegetable, flax) increases polyester composite water sorption
capacity by as much as 12 times®*?3, When compared to the non-CNF containing
materials, the initial rate of moisture uptake was greatest for the CNF materials in the

present study.
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Figure 1-3 Moisture content of composites compared on a composite mass of resin basis.
Symbols represent (A) P/O, (m) P/GF, (*%k) P/CNF, (<) P/GF/CNF. The standard
deviation of the measurement was + 0.05 mg/mg.

1.4.2 Impact of Composites on Water Quality

All composites released organic contaminants during the entire 30-day study
period. The expected exponential decay curve for contaminant release was not observed
because the exposure period consisted of a series of 3-day exposure periods; the
concentration gradient was constantly reset. As a result, a diffusion model was not fit to

the leaching data. Figure 1-4 shows the normalized leaching total organic contaminant
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(TOC) and chemical oxygen demand (COD) concentrations for the four tested materials.
Constituent abstraction from the polyester matrix followed a similar trend to the water
absorption measurements. Contaminant concentration in the exposure water decreased
monotonically after each 3-day water change. The greater mass fraction of polyester resin
corresponded to a greater number of chemicals detected in the water. In both the resin

and glass fiber composites, the presence of CNF increased the rate and quantity of

contaminants released.

www.manharaa.com




Normalized Leaching Concentration,

Normalized Leachng Concentration,

mg/L-mg Resin

mg/L-mg Resin

1.0

0.8

0.30

0.25

o
()
o

©
=
ol

o
-
o

16

AP/O BP/GF

# P/CNF OP/GF/CNF

Exposure Duration, Days

(a)
I # P/ICNF OP/GF/CNF

Exposure Duration, Days

(b)

Figure 1-4 Water quality characteristics of immersion testing normalized leaching (a)
COD, (b) TOC. Symbols represent (A ) P/O, (m) P/GF, () P/ICNF, (&) P/GF/CNF. The
standard deviation of the measurement was + 0.02 mg/L-mg Resin. The dashed lines

represent a guide for the eye.
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TOC and COD leaching rates differed across composites as determined by linear
regression analysis. All regression slopes were non-zero. The greatest contaminant
release rate was found for P/CNF, while normalized leaching for P/O and P/GF/CNF
composites were not different for COD or TOC results, similar to the moisture absorption
results (Table A2). The P/GF composite had the lowest contaminant release rate. GF
inhibited contaminant release but CNF inclusion into the P/GF composite caused that
composite to perform similar to the polyester only material. UV2s4 absorbance results
also showed inclusion of CNF into polymers increased contaminant release into the
contact water. A small fraction of contaminants released from each material were
biodegradable and this quantity was similar across the composites tested (Table A3).

Several VOCs were detected in composite contact waters that include aromatic
resin solvents and stabilizer compounds (Table 1-3). These compounds were similar to
those found by previous research on leachate from fiberglass resin circuit board
composites*’. None of the aqueous contaminants reported by others were found in the
present work?®. Possible reasons for this difference could be that the other study
characterized the presence of semi-volatile organic contaminants and the polyester resin
formulation differed. Inclusion of CNF into composites did not impact the number of
VOCs released.

Table 1-3 Volatile organic contaminants detected in contact waters at day 3 and day 30.

Name of Compound Day 3 Day 30
(Purpose)

Styrene (resin solvent) CNF | GF | GF/CN

CN | GF | GF/CNF
F
X

Ethylbenzene (resin X X

solvent)®

p—, 0—Xylene (resin
solvent)®

X X| X| O

1-Ethyl-toluene (resin
solvent)®

1,2,3-TMB (stabilizer)®

XX X| X| X| O
XX X| X X
XX X| X X
X|X| X| X| X7

1,3,5-TMB (stabilizer)° X

* “x” signifies the contaminant was detected as confirmed with a >93% library match; b.
Suspected purpose of the contaminant; c. TMB = trimethylbenzene.
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A linear relationship between organic contaminant release and the amount of
water sorbed by each composite was detected (r? = 0.96) (Figure 1-5). Chemical release
was likely facilitated by water diffusion into the material and subsequent contaminant
extraction. The incorporation of a small quantity of oxidized CNFs into polyester
composites (0.01 mass fraction) caused nanocomposites to become more susceptible to
water aging than their CNF free counterparts.

A dynamic system existed during the experiment as evidenced by composite and
water quality characterization results. It was shown that oxidized CNF caused composites
to be more sensitive to water uptake compared to the CNF-free composites. Even a small
magnitude of CNF in the GF composite caused a substantial change in composite water
uptake. Because oxidized reinforcements are preferred to achieve better dispersion and
bonding in hydrophilic matrices the impact of these materials on water sorption and
mechanical properties deserve further study. Results also indicate that a nanocomposite

design strategy that limits water uptake may also limit organic contaminant leaching.

=
~
J

P/CNFy

=
o N
I I

o
00]
I

¢ P/O

mg TOC / g Resin
o o
~ o

o
N
I

Total TOC released after 30 days,

piIGE * PIGFICNF

.. — 4y
0.00 0.01 0.02 0.03 0.04
Mass of water sorbed per mass of resin, g water / g resin

o
o

Figure 1-5 Relationship between total mass of organic carbon released by each material
during the 30 day exposure period and maximum quantity of water sorbed into each
material measured on Day 30.
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The figure the shows the total mass of organic carbon released per composite
during the total 30 day exposure period versus the initial mass of resin per composite.
Simultaneous water sorption and organics extraction occurred. Error bars (not shown) are

equivalent to measurements in Figure 1-2 and Figure 1-3.

1.5 Conclusion

Results of this work have direct relevance to composite manufacturers and water
infrastructure managers. Incorporation of a very small amount of oxidized CNF
significantly altered water-composite interactions. Specifically, composites with CNFs
sorbed more water and leached more organic contaminants than CNF-free composites.
Even an addition of small oxidized CNF quantities in the GF composites caused the
P/GF/CNF composites to absorb more water and release higher contaminants than the
plain P/GF counterparts. While oxidized CNFs are preferred for hydrophilic matrices,
results from the present study indicate composite manufacturers should also consider
their impact on composite mechanical and long-term durability properties. Greater water
sorption may expedite chemically induced degradation processes. Water infrastructure
managers should also consider that greater VOC leaching may be a CNF composite
performance challenge that current CNF-free materials do not encounter. In addition, the
additional rate of leaching from CNF containing materials is important in the context of

water quality standards used to return rehabilitated pipelines to service.
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CHAPTER 2 : LINK BETWEEN FIXTURE WATER USE AND
DRINKING WATER QUALITY IN A NEW RESIDENTIAL GREEN
BUILDING

Maryam Salehi, Mohammad Abouali, Mian Wang, Zhi Zhou, Amir Pouyan Nejadhashemi,
Jade Mitchell, Stephen Caskey, Andrew J. Whelton

2.1 Abstract

Low-flows in building plumbing present an emerging human health concern. This
study’s aim was to understand the link between fixture water use and drinking water
quality in a newly plumbed residential green building. Water use and quality were
monitored at four in-building locations from September 2015 through December 2015.
Once the home was fully inhabited average water stagnation periods were shortest for the
2" floor fixture for hot water (0.23 hr to 0.5 hr). The maximum water stagnation time
found was 72.0 hr. Bacteria and organic carbon levels were greater inside the plumbing
system compared to the municipal tap water entering the building. A positive correlation
between organic carbon and bacterial concentration at select locations was observed. A
greater amount of bacteria was detected in hot water samples compared to cold water.
This suggested that hot water plumbing promoted greater microbial growth. At some
fixtures metal plumbing components caused Zn, Cu and Pb levels to increase above the
levels measured at the water treatment plant. At the basement fixture, where the least
amount of water use events occurred, greater organic carbon, bacteria, and heavy metal
concentration were detected. Different fixture use patterns resulted in disparate drinking

water quality within the same residential building.
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2.2 Introduction

Residential plumbing is critical for the health and safety of populations
worldwide. In the U.S., potable water is distributed through an estimated five to ten
million miles of plumbing pipe! and through approximately 24.55 billion square meters
of residential buildings?. In recent years’ potable water plumbing design and operations
have transitioned towards energy and water saving, low-flow devices*®. Low-flow
faucets have resulted in flow reductions of 30%°’. When not coupled with plumbing pipe
size reductions, the resulting low-flows can increase water age®, enable contaminant
leaching from plumbing components®, contribute to disinfectant residual loss*®,
microorganism proliferation'® 1!, and sometimes waterborne disease outbreaks*?24,
Analysis of U.S. building plumbing design methods has revealed ‘excessive over-design’
of water use and incorrect assumptions with fixture use in single family residential
buildings®. With the frequency of disease outbreaks and degraded aesthetic drinking
quality incidents increasing®, there is a growing need to understand the impact of
plumbing design, material, operation and water usage patterns on drinking water quality.
To the best of our knowledge, no study has linked the water usage pattern and drinking
water quality for a new residential plumbing system.

A variety of bench- and pilot-scale studies have documented water quality
deterioration in building plumbing®-°, but a limited number of studies described water
quality within full-scale residential buildings (Table 2-1)2%%, Full-scale investigations
have focused on buildings that have been in operation for six months or an unreported
amount of time. Building water sampling has involved a very limited number of samples
for each study period (1 to 21). Drinking water has been monitored for microbiological,
metal, volatile organic compound (VOC), semi-volatile organic compound (SVOC), total
organic carbon (TOC), disinfectant by products (DBP) concentrations, heterotrophic plate
counts (HPC), and aesthetic properties. However, a challenge arises when comparing past
studies using the exact plumbing material type/brand, condition of the plumbing, and

composition, as well as water quality, temperature, residence time, and flow fluctuations.

www.manaraa.com



Table 2-1 Water quality monitored at the residential buildings

28

Location and Pipe Type
Type of Parameter / Plumbing
o . Summary of Results
Buildings Monitored Age
(Number) (years)
USA No changes in DPBs level for on demand heating
system; DBPs concentrations increased in hot water
DBPs, TOC, y system with long storage time; TOC (cold & hot):
nré/nr
SFRBs" (18) pH, chlorine 0.89 & 1.01 mg/L; pH (cold & hot): 7.56 & 7.55,
chlorine (cold): 0.23 to 0.53 mg/L as Cly; Chlorine
(hot): BDLA-0.43 mg/L as Cl,*
Several PEX pipe’s antioxidants, degradation
NZE® SFRB VOCs, )
PEX-a/ 0.5 | products and resin solvents were detected PEX-a
Q) sVOCs )
plumbing®
Temp,
ammonia,
nitrate, pH, . . . .
. Chlorine and chloramine residuals were decaying
chlorine, ) R ] ]
. up to 144 times faster in building plumbing with
Legionella, . . o
NZE SFRB & . Cu, high water age compare to conventional buildings;
SFRB (2) ' . PEXe/nr NZE chlorine (hot & cold): 0.04 & 0.02 mg/L as
pneumophila . )
X' Cl,; Conventional house chlorine (hot & cold): 0.71
ene), V.
J ] ) & 0.06 mg/L as Cl.®
vermiformis,
M. avium, &
total bacteria
TOC, TON, PEX-a, Several regulated and unregulated VOCs and
SFRB (3) UVas4, VOC | PEX-b/0.5- | SVOCs detected in water collected from PEX
& svOoC 2 plumbing systems?
. The concentrations of Cu, Pb, Ni and Zn, four
Households? Cu, Pb, Ni, Cu, o )
) indicator elements of brass corrosion, were greater
(nr) Zn plastics/nr ) )
in the all-plastic-plumbed houses?*
Canada No significant effect of plumbing age or type on the
Cu, extent of metal leaching. Plumbing type had a
SFRBs & Cu, Zn, Pb, ] ) o
plastic3/ <5, | marked effect on the lead and iron levels in drinking
Apartments Sn, Fe, Mn o
) >10, >40 water. Metal leaching into stagnant water was
nr

mostly from kitchen faucets?’
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Greater level of DBPs for water stagnant in cold

water pipes and water that resided longer in water

SFRBs (6) DBPs nr/nr o
heater tanks. Water use frequency identified as
significant factor on DBP level?
Italy Legionella & . .
Water heater type, tank distance and capacity, water
Pseudomona ] ]
treatment plant age, and mineral content influenced
s, hardness, | Metal, ) )
. ) the level of bacteria present in the water; Ca 85
SFRBs (nr) chlorine, Ca, | plastic/nr
mg/L, Mg 17.6 mg/L, Fe: 15 pg/L, Mn: 2.4 pg/L,
Mg, Fe, Mn,
Cu: 11.5 pg/L, Zn: 62.6 pg/L, Clp: 9.2 pug/L%
Cu, Zn
Switzerland Temp, ) . . .
] Considerable microbiological changes found due to
nitrate, pH, . . . . .
water stagnation. Microbial level increased with
Households? TOC, nrinr ] )
. water stagnation and reduced after flushing. pH:7.9
(10) conductivity,
+0.2and TOC: 0.8 + 0.0 mg/L™
ATPY, HPCP
Germany pH, Mean Cu concentration of 0.18 mg/L in stagnant
conductivity, samples and 0.11 mg/L in the flowing water
Households?® Cu/0.5-5
(L674) hardness, samples. Average pH :7.83, hardness :11.76 °dH,
’ SO4%, Cu SO4%: 57.01 mg/L?®
For stagnant water samples, 3.1% had Pb level
greater than the WHO limit and 0.6% had level
Households? Pb, SO, o )
nr/nr above German drinking water regulation (0.04
(1,485) hardness .
mg/L). For flowing water samples were 2.1% above
0.01 mg/L and 0.2% greater than 0.04 mg/L%
Cu, ) ) )
) ) High temperature influenced Legionella occurrence;
Legionella, plastics, ) ) )
SFRBs (nr) ) copper plumbing was more contaminated with
Cu galvanized ) ) )
Legionella compare to plastic and steel plumbing?®
steel/nr
Cu, Zn, Pb, . . .
Ni Cd Ni was released by terminal taps into the water, Zn
I! )
] was released by brass corrosion. Pb containing
nitrate, pH, . .
SFRBs (4) Cu/nr installation parts were the source of Pb. Cu (79-499
oxygen

consumption,

hardness

Hg/L), Zn (88-946 pg/L), Pb (<1-1.6 pg/L), Ni (2.4-
12.8 pg/L), Cd (<0.0 pg/L)*°
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* SFRB: Single family residential building; * nr: Not reported;  BDL: below detection limit; ® NZE:

Net zero energy; ° Type of PEX was not mentioned; ¢ Type of residential building was not mentioned:

3 Type of plastic was not mentioned; "ATP: adenosine tri-phosphate; PHPC: heterotrophic plate counts
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Drinking water contaminated with heavy metals can pose acute and chronic risks
to human health. Heavy metals in tap water; can originate from ground and surface
waters (i.e., As, Co, Mn), are added during water treatment (i.e., Al, Mn, Fe), and can be
released from water distribution and building pipes, scales, and plumbing fixtures (i.e.,
Cr, Cu, Fe, Pb, Zn, Sn)3-, Hence, some water utilities and building owners are choosing
to replace lead service lines and indoor plumbing with plastic pipes in order to reduce
heavy metal levels in tap water.

In the U.S., cross-linked polyethylene (PEX) pipes are being installed in 75% of
new building construction and up to 54% of renovations®. While more than 70 PEX pipe
brands have been certified for potable water use in the U.S., their water quality impact
test results are not publicly disclosed. A few U.S., PEX pipe, water quality investigations
where data are publicly available have been conducted? 37, Results from these studies
showed that the chemical and odor impacts of eight PEX brands studied over a one-
month period varied significantly: TOC concentration from 0.26 to 6.38 mg/L and
threshold odor number (TON) 2 to 102. Bench-scale testing also showed some PEX pipes
caused odor and odor intensity was unchanged by the presence of chlorine disinfectants.®
Researchers have found that PEX pipes leached organic carbon and water temperature
can influence bacterial growth®-4, A few U.S. full-scale PEX plumbing building
investigations have been conducted and odors have been found?® 2% 3%, The cleaning
method applied to newly installed PEX pipe can also affect its short-term chemical
leaching?®. European researchers have found PEX pipes contributed 0.001-22 mg/L TOC
to drinking water at room temperature*:-*4, and TON values varied between 16 to greater
than 128 after 72 hr exposure at 23 °C*L,

This study was designed to better understand the link between water use and
drinking water organic, inorganic, and odor levels during the first three months of a
newly installed plumbing system while inhabited. The objectives were to: (1) Examine
water use patterns at four fixtures (hot/cold) in the PEX plumbing system; (2) Monitor
pH, free chlorine, TOC, specific ultraviolet absorbance (SUVA), bacterial concentrations,
and TON levels at four different in-building locations; and (3) Examine the linkage

between fixture use and water quality.
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2.3 Material and Methods
2.3.1 Plumbing Design, Water Source, and Onsite Sampling

Tap water sampling was conducted at a newly renovated, low-energy and low-
water use, residential building in West Lafayette, Indiana USA from September 25" 2015
to December 24™ 2015. The structure was a 266 m?, four bedroom, two bath home
initially constructed in the 1920s and renovated in 2014446, The building was a joint
collaboration between Whirlpool Corporation and Purdue University. The building
contained new 1.9 cm and 1.3 cm diameter PEX type A pipe with a modified trunk-and-
branch design (Table B1). Building tap water was received from a local drinking water
supplier that relied on a groundwater source. Groundwater underwent KMnOa4 oxidation,
unilever filtration, and the addition of free chlorine secondary disinfectant and
polyphosphate corrosion inhibitor. Water quality entering the municipal water
distribution system varied: pH 7.0 to 7.5, free chlorine 0.8 to 1.1 mg/L as Clz, hardness
280 to 440 mg/L as CaCOs (metal concentrations shown in Table B2). Tap water
traveled through polyvinylchloride (PVC) and ductile iron water distribution pipes before
reaching the building service line. A Hersey 420 composite water meter with copper
service line was connected to the plastic building plumbing. All water entering the house,
first passed through a whole-house water softener (Whirlpool model WHES33 LE33)
before entering the rest of the plumbing. After plumbing installation, the system (hot and
cold water lines, and tanks) was shock chlorinated in accordance methods in B.1.1.

Flow and water sampling was conducted at several building sampling locations
(Figure 1). The hot water system included a recirculation pump. Design fixture flow
rates with aerators were: kitchen faucet (6.8 LPM [1.8 GPM]) and bathroom sinks (4.5
LPM [1.2 GPM]). Three 409 L [108 G] glass lined hot water storage tanks in series were
installed. Also, a fourth, electrically-driven, water heater (151 L [40 G] capacity) was
also installed. The large in-building water storage volume was primarily designed to
support the rooftop solar, thermal-photovoltaic systems, but also used for domestic hot
water demand. Water sampling was conducted for four fixtures on day 3, 15, 30, 60 and
90. The building was not occupied on day 0 or 3, was partially occupied at day 15, and

became fully occupied on day 30. At the water softener sampling point, water was
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flushed for approximately 3 min before a water sample was taken. This action was taken
to obtain fresh municipal water. More building plumbing system details are described in
B.1.2.

All other in-building water samples were immediately collected, no water
flushing was conducted. Tap water was characterized onsite for pH, temperature, and free
chlorine concentration. Next, water samples were transported to the laboratory,
dechlorinated using Na2S203, analyzed immediately for alkalinity, TOC, UV2s4, SUVA
(B.1.3).

27 Floor | Lavatory Sink

| == 1=t Floor | Kitchen Sink
Hot Water |
e - e
| Basement | Laundry

1
Water
I"‘ T

Sampling .
Location

Water Heater Tanks

-
)

Water ,._ =S
Softener . Cold water
Service

line

Figure 2-1 Plumbing system outline and sampling locations

2.3.2 Flow Monitoring

Automated impeller flowmeters (Omega, FPR300 series) were installed on each
hot and cold water supply line with 0.4 LPM accuracy. The devices continuously
recorded the flow rate at each fixture with a one second temporal resolution. All data
were collected using a LABVIEW system. High temporal resolution enabled the tracking
of both short and long events. An event was defined as the continuous portion of the time
where the flow rate was non-zero. Prior to any analysis, the data were checked for
missing records. If there was a single record missing (one second duration), the record

was recovered by averaging the two, immediate records, before and after the missing
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record. However, if two or more records were missing continuously, they were marked as
missing and an artificial event was assigned to them — a missing record event (Figure
B1).

Monitoring was conducted to ascertain flow and water quality at the service line
and three fixtures: Basement (cold/hot), 1% floor kitchen sink (cold/hot), and 2" floor
bathroom sink (cold/hot). The basement fixture was brass needle valve which is not
certified for potable water uses. To examine the water usage pattern through this
building, flow data points were recorded and analyzed every second of every day from
September 1%to December 31% at these three fixtures and the service line. Due to a few
computer data acquisition system challenges, some flow records were not collected
during September (27.0%), October (6.3%), November (6.0%), and December (9.3%),
and thus were not included in this analysis. Total volume of water used (L), number of
fixture use events, average event duration (s), average water flow rate (LPM), average
elapsed time since last event (hr), and maximum elapsed time since last event (hr) were
calculated based on flow monitoring data. The basis for these calculations is described in

B.1.4 and also shown in Figure B1.
2.3.3 Water Quality Monitoring

Free chlorine concentration, water pH, alkalinity concentration, TOC
concentration, and UV2s4 absorbance were analyzed in accordance with methods
described in B.1.3. For bacteria enumeration, culture-based HPC and culture-independent
quantitative real-time PCR (gPCR) methods were used. HPC was performed by using the
membrane filter method on m-HPC agar.48 Five dilutions (500 mL, 100 mL, 10 mL, 1
mL, 0.1 mL) were prepared using tap water samples and incubated at 37 °C for 48 hr in
triplicate. Two liters of water samples were filtered through 0.22 um pore size mixed
cellulose ester membrane filters (Millipore, Billerica, MA) to prepare for DNA
extraction. More details are described in SI-1.3. The limit of detection (LOD) for all
gPCR assays ranged from 78 gene copies/reaction to 2,220 gene copies/reaction, and the
limit of quantification (LOQ) ranged from 89 gene copies/reaction to 3,711 gene
copies/reaction. All standard curves had a coefficient of determination 0.95, and an
efficiency of 91% to 108%.
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2.3.4 Statistical Analysis

SPSS 22 was used to perform statistical analysis. Three factor analysis of variance
(ANOVA) with two order interactions was applied to study the significant influence of
pipe location and water temperature for building water sampling data. A type I error of
0.05 was selected as the significance level for all data. Geometric means for TON data
are reported in accordance with the standard method.*” All other results are reported as
arithmetic mean and standard deviation. Principal component analysis (PCA) was applied
to reduce the dimension of data to identify patterns in data. OriginPro 9.3 (Northampton,
MA) was used for PCA analysis. All the water quality parameters, i.e., 13 metals, pH,
chlorine, water volume, odor, alkalinity, and TOC, were included in PCA analysis and
the results were plotted in principal component PC1 and PC2, which explained most of
the variability of the data. The Pearson correlation coefficient was calculated pairwise for
TOC and bacterial concentration.

To calculate the correlation between water quality and water usage parameters,
three water usage parameters were defined (i) number of events, (ii) total volume and (iii)
average elapsed time between the sampling intervals. Water was sampled six times
during the study period (day 0, day 3, day 15, day 30, day 60 and day 90), thus, there
were five intervals between each sampling for the water fixtures studied. Total organic
carbon and bacterial concentration (gene copy number) were measured in each sampling
sessions at each of the fixtures. Linear or rank correlation (Pearson type) was calculated

for all the possible combinations.
2.4 Results and Discussion
2.4.1 Water Use as the Building Became Occupied

The water usage pattern was examined by recording and analyzing 64,891,484
water flow data points from September 1% to December 31%. For all fixtures monitored,
September usage significantly differed from the October, November, and December
usage. Service line flow data showed the total volume of water used in the building from
September 1% to September 171" was only 0.1 m®, and from September 18 to September

30" was 19.0 m®. Because 27.0% of September flow monitoring data were not collected
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by the data acquisition system, it is possible additional water use occurred. The total
volume of water used in September (19.1 m®) was substantially greater than the total
monthly volume of water used during October to December (5.1 to 7.6 m®). Water use in
September was associated with plumbing construction and the building was not
inhabited. The plumbing system and two external rainwater collection tanks were
installed September 21 (working volume 5.4 m? per tank). On September 21, the
plumbing and rainwater tanks were filled with superchlorinated municipal tap water and
allowed to stagnate for 18 hr, on September 22, this water was flushed out and plumbing
was filled with fresh municipal water. Between September 22 and September 23, 12.6 m®
of water passed through the service line. This water was associated with plumbing
flushing and rainwater tank disinfection. After this event, only 2.8 m? of water passed
through the service line during the last week in September while indoor construction
activities were being completed. From September 18" to September 30" only 14.7% of
total water used at the basement, 1% floor, 2" floor fixtures that were subsequently
monitored in the present study.

The house was partially occupied during the second week in October (2 people)
and became fully occupied (3 people) during the last week in October. As Table 2-2
shows once the house was occupied, water use increased at the three fixtures where water
sampling was conducted. Water at these three fixtures represented a growing portion of
the total water used in the building per month (27.9% October, 31.9% November, 39.0%
December). When full occupancy occurred, the basement fixture was the least used
(number of events at cold: 60 to 105, hot: 21 to 69) compared to the other fixtures in the
building (number of events at cold: 145 to 856, hot: 326 to 2,230). During October to
December the most frequently used fixture was the 2" floor hot water (bathroom sink,
number of events per month 2,230). In prior a study, lower water use frequency was
reported for bathroom sinks compared to kitchen faucets®3, but in the present study the
maximum water use frequency was greatest at 2" floor bathroom sink compared to the
kitchen faucet.

From October to December, the average stagnation period was the greatest at the
2" floor cold (1.12-2.00 hr) compared to the two other monitored fixtures in the house

(0.23-1.32 hr). In October and December average water stagnation periods was shortest
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in duration at 2" floor hot fixtures (0.23 hr and 0.50 hr). During the entire study period
the maximum water stagnation time was found for all fixtures to be 72.0 hr (3 days) in
December. Due to an unexpected data acquisition system error, water use events on Day
90 (December 24) were not recorded. As a result, in December the maximum fixture
stagnation time could have been longer than 72.0 hr because following the data

acquisition error fixtures were not used.
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Table 2-2 Residential home water usage data, September 18 to December 31, 2015

Total Volume Number of Average | Average Flow Average Maximum

Events ) Rate (L/min) ) )

Parameter Used (m°) Duration Elapsed Time | Elapsed Time
©) (hr) (hr)
Fixture September 18" to 30th
October; November; December

Service Line 19.00 791 115 12.5 0.12 19.61
7.59,5.08,5.19 | 4498,4271,3535 | 19,16,20 | 54,4.4,44 |0.12,0.12,0.12 | 42.19,49.71,

Basement-Cold 0.38 133 20 8.8 0.51 22.06
0.39, 0.24, 0.37 105, 66, 60 31,31,54 | 7.3,7.0,6.9 |0.45,0.89,053 | 51.34,53.52,

Basement-Hot 1.91 127 77 11.6 0.50 22.06
0.10,0.17, 0.04 69, 44, 21 18,16,41 | 4.9,44,29 |0.89,1.32,0.70 | 51.34,53.52,

1st Floor-Cold 0.15 163 21 2.7 0.62 19.61
0.41, 0.57,0.33 667, 856, 619 13,15,14 | 2.8,2.7,24 |0.61,0.55,0.59 | 48.98,50.08,

1st Floor-Hot 0.08 200 15 1.5 0.55 19.61
0.16, 0.27, 0.20 326, 485, 389 14,16,15 | 2.1,2.1,2.2 |0.96,0.91,0.88 | 48.98, 49.71,

2nd Floor-Cold 0.11 140 19 2.5 0.37 21.61
0.17, 0.09, 0.05 325, 206, 145 13,11,10 | 2.4,23,23 |1.12,2.30,2.00 | 51.34,50.65,

2nd Floor-Hot 0.16 288 12 2.9 0.38 19.61
0.89,0.40,1.02 | 2230, 707, 825 7,912 3.4,3.7,6.3 |0.23,0.70,0.50 | 42.20, 50.45,

Important dates of building commissioning and the inhabitants: Building partial occupation October 10, 2015 and full
occupation October 25, 2015; October 12-13 Fall break; November 25-28 Thanksgiving break; December 19, 2015 fall semester

ended; Drinking water sampling began September 25, 2015.
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2.4.2 Plumbing Water Quality during the First Three Months
2.4.2.1 Differences in Water Quality within the Building and with Time

Municipal tap water quality that entered the home varied: pH 7.3 to 7.9; alkalinity
of 270 to 285 mg/L CaCOs; free chlorine 0.4 to 1.6 mg/L as Clz; TOC 0.73 to 1.68 mg/L
(Tables B7-B9). Water quality characteristics before and after superchlorination were
described in B.2.1. For all sampling periods except day 3, the greatest free chlorine
concentration was found at the service line water sample and lower concentrations of free
chlorine were found inside the building. The lowest water pH recorded was 7.1 at the
basement hot water sampling point. Free chlorine concentration was less than 0.5 mg/L
as Clz for 20 out of the 35 total water samples collected. Two samples collected from
basement hot and cold lines at day 15 had no detectable free chlorine. This loss of
disinfection residual could be due to the longer water stagnation time in the basement
fixture compared to the other fixtures inside the building.

Organic contaminants were detected in the building water. TOC concentration
significantly differed over the exposure period (Table B10). Tap water TOC
concentration exiting the water softener increased from 0.73 mg/L to 1.68 mg/L between
day 3 to day 90 and results were typical of water distribution systems (0.5 mg/L to 6
mg/L)*. TOC concentration was greater inside the building across all fixtures during the
entire study period except 1% floor (cold) and 2" floor (hot and cold) water samples on
day 30 compared to the water entering the building (Figure 2-2). TOC concentration
increased from day 3 to day 15 at the basement and 1 floor fixtures. The finding is
counter to prior bench-scale TOC monitoring results for PEX pipe where TOC levels
decreased during 30 days of simulated use?'?%. Results indicate that organic carbon
detected could be due to contributions from municipal tap water, plastic pipe chemical
release, microbial growth within the plumbing system, and organics release from
biofilms3°0:52,

SUVA values differed based on fixture (0.5 to 5.3 L-mg/M) and implied
differences in disinfectant byproduct formation potential (DBPFP) at each fixture. SUVA
exceeded 4 L-mg/M on occasion (Table B11) and was positively correlated with free
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chlorine concentration (p=0.026) (Table B12), which indicated the potential to form
disinfectant byproducts®>®3. According to the USEPA (2012), SUVA values < 2 represent
low DBPFP; Between 2 and 4 represent potential to increase DBPFP; > 4 represent high
DBPFP>2, It is known when less cold water is used or hot water storage times are long,
greater DBP levels can occur?,

1.6 - ODay 3

1.4 - ODay 15

5 @Day 30
1.2 -

m Day 60

1 - O Day 90

0.8 -
0.6 -
0.4 -
0.2 - I-
O |
Basement 1st Floor 2nd Floor Basement 1st Floor 2nd Floor
(Hot) (Hot) (Hot) (Cold) (Cold) (Cold)

Sampling Location

Difference between Water Softener and
Fixture TOC Concentration (A mg/L)

Figure 2-2 Differences between TOC concentrations at the fixture compared to water
entering the building for cold and hot water samples at various exposure periods.

During the entire study period, TON values ranged from 0 to 22, and were
sometimes greater inside the house compared to tap water exiting the water softener
(Figure B2), but no trends were detected. The USEPA 3 TON odor tap water SMCL was
only exceeded at the water softener on day 3, while at all other fixtures this level was
exceeded for a total 18 times. Cold water samples from the basement sampling point
exceeded the SMCL during the entire study duration, and this location was the least
frequently used. A drinking water’s TON value for similar brand of PEX at residential
building in Maryland (2 year old) and Colorado (0.8 year old) was reported as an average
of 6, albeit under different disinfectant conditions?. Drinking water odors can be caused
by: contaminants released from PEX pipe, compounds generated when free chlorine
reacts with those chemicals released, chemicals released by pipe biofilms, and chlorine

potentially masking underlying odors present?!:23:37:51.54
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Several metals with drinking water health and aesthetic limits were detected and
their abundances were significantly correlated (p<0.05), such as Zn and Fe (R=0.78,
p=3.11*10®) (Figure 2-3, Table B12). On nearly every sampling date, higher Cu levels
were detected inside the building than at the water softener in all but for 3 of the 30 water
samples collected. No Cu concentrations exceeded the USEPA SMCL of 1,000 pg/L, but
one building water sample exceeded the Zn USEPA SMCL of 5,000 pg/L. Zn
concentration increased through the building plumbing which could be due to leaching by
brass fittings®. Pb was also detected exiting the water softener and in additional building
water samples (0.5 pg/L to 23.5 pg/L). The greatest drinking water Pb levels were found
at the basement sampling point cold water line: 23.5 pg/L on day 15, which exceeded the
USEPA action level (15 pg/L)®®. The basement sampling point was a brass, needle valve
and may have contributed to the high level of Pb and Zn detected at this fixture. Inkinen
et al. (2014) also found that Pb and Cu increased from an office building service line (Pb:
1.5 pg/L, Cu: 12 pg/L) through PEX building plumbing (Pb: 34.7 pg/L, Cu: 35 pg/L)
during its first year operation®’. Zn, Pb and Cu variation across fixtures could be due to
the ball valves, brass barb tees, brass elbows, copper fittings and faucets®$-°8>° and water
chemistry fluctuations®. Sometimes Cu, Zn, Pb and Ni levels were greater than levels
reported for other buildings with all plastic plumbing?®, but the type of plastic piping

system/components and appurtenances studied by others was not mentioned*.
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Figure 2-3 Drinking water Zn, Pb, Fe and Cu concentrations in the cold and hot water

samples. Results shown represent

one water sample.
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Fe drinking water levels were nearly always similar throughout the house, and
only twice, on day 3 and 15, exceeded the 300 pug/L USEPA SMCL. The high Fe
concentration on day 15 in basement hot water sample could be due to Fe release by
water heater tank carbon-steel heat exchangers®® or Fe contaminated drinking water that
entered the plumbing system during water main use and flushing activities®?. Heat
exchangers were exposed to superchlorinated water during plumbing system disinfection.
Mn exceeded its 50 pg/L USEPA SMCL in the basement hot water on day 15 only and
could have originated from the KMnOa4 water treatment plant process or water
distribution system scales (Table B13). Tap water Al, Ca, Cr, Mg, Na, and Se levels were
unremarkable (Tables B14, B15)%3,

2.4.2.2 Microbial Growth, Organic Carbon, and Water Temperature

During the entire three month study, both HPC and bacteria gene copy numbers
increased at the 1 floor and 2™ floor fixtures (hot/cold). However, only for the first two
months, HPC and bacteria gene copy numbers increased at the water softener and
basement fixtures (hot/cold) (Table B16). At these fixtures on day 90, both HPC and
gene copy number were reduced. The greatest HPC level (856.7 CFU/mL) was detected
in basement hot water at the end of the study. This value was 3,440-fold and 2,298-fold
greater than those levels measured in water exiting the water softener and basement cold
water, respectively. Bacteria gene copy numbers showed a similar increasing trend at all
seven locations similar to HPC results (Table B16) although, the bacteria concentrations
found by the HPC method were only 0.63% of those detected by qPCR. At the end of the
study, the greatest bacterial gene copy number detected by qPCR (2.25x10% gene
copies/mL) was present in basement hot water. This value was 711-fold and 222-fold
greater than bacteria gene copy numbers found in water exiting the softener and basement
cold water sampling point, respectively. Although the bacteria population from another
green building® were greater than the present study and included PEX piping (but no pipe
type or age description was found), plumbing and water quality characteristics differed
significantly. The other building included a manifold PEX plumbing design and this
likely contributed to longer stagnation times as individual pipe segments convey water
from a single manifold to each fixture in the house. In the present study, PEX pipe was
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installed with the trunk-and-branch design thereby limiting water stagnation in common
trunk plumbing pipes.

Statistical analysis indicated that organic carbon affected bacterial growth.
Pearson correlation analyses were conducted among the water quality parameters at the
different sampling locations. The positive correlations (R=0.812 to 0.833, p=0.080 to
0.095) between TOC levels and bacterial gene copy numbers were observed at four
locations (water softener, 1st floor (cold), 2" floor (cold/hot) across the five time points
together (Figure B3). But the correlations were not significant (0.05<p<0.1) (Table
B17). Further Pearson correlation analysis indicated that TOC levels and bacterial gene
copy numbers were significantly correlated (p=0.041), but in individual locations they
were not significantly correlated. No significant correlation was observed between TOC
levels and heterotrophic bacteria number quantified by culture-based method (p=0.5248),
which may be attributed to the inadequacy of detecting total microbial community using
the HPC method.

Greater bacteria levels were detected in hot water samples collected from the
basement (day 3 to 90), 1% floor (day 3 and 90) and 2" floor (day 15 to 90) (Figure 2-4).
This finding implied that hot water plumbing (32°C to 50°C) was more conducive to
bacteria metabolism and growth. It is important to note that hot water cooled in the
plumbing pipes when fixtures were not in use. Hot water at the basement fixture had the
greatest organic carbon concentration (TOC up to 4.4 mg/L) and bacteria gene copy
number (up to 74,002 gene copy number/mL). Hot water in the basement was the least
frequently used fixture. A relationship may exist between organic carbon and bacteria
level (Table B15, Table B23, and Figure B3). Future work should consider measuring

the total amount of carbon available for bacteria growth.
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Figure 2-4 Gene copy numbers per milliliter in cold water pipes and hot water
pipes at water softener, basement, first floor kitchen, and second floor bathroom.

2.4.3 Principal Component Analysis of Plumbing Water Quality Parameters

Principal component analysis (PCA) was conducted to identify variability and
patterns of measured plumbing water quality data. Results of this analysis (Figure B4)
showed clusters of data for the five sampling dates (day 3, 15, 30, 60, 90). The data
indicated that TOC and pH were the two most important parameters that strongly affected
water quality during the study. On day 3 and day 15 PCA results were rather dispersed
and not correlated with specific water quality parameters. It is interesting that data at day
30 were clustered together and their standard deviations on PC1 and PC2 were 53.7% and
46.1% lower than those at day 3, respectively. However, no clear correlation was
identified between day 30 data and any of the chemical and biological parameters. Water
quality on day 60 and day 90 shifted to the top left region Figure B4 and showed a strong
correlation with TOC, pH, 16S rRNA gene, and heterotrophic bacteria. Although the
correlation between Se and day 90 data was observed, Se concentrations did not change
significantly (92 to 101% in hot or 101% to 115% cold water) and instead Se
concentrations were significantly correlated with pH (p=0.005) and water volume
(p=5.64*10F) (Table B12).

2.4.4 Link between Fixture Use and Water Quality

Different fixture use patterns resulted in disparate drinking water quality within

single family home. Results show infrequently used fixtures such as bathrooms and sinks
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could have markedly different chemical and microbiological quality than more frequently
used fixtures located in a building. The greatest changes to drinking water quality were
detected at the basement fixture, which had the least number of water use events, and
was determined to be a hot spot for degraded water quality. At this location, the least
amount of disinfectant residual was found (not detected to 0.6 mg/L as Cl2) compared to
other fixtures (0.1 to 1.6 mg/L as Cl2). The greatest difference in TOC concentration
compared to the service line was detected at the basement fixture (A=1.4 mg/L, hot water,
day 60). Also, basement hot water samples contained the greatest bacteria concentration
in the building on days 3, 30, 60 and 90 (2,707, 4,469, 74,002, 22,509 gene copy
number/mL) (Figure 2-4). The basement hot water sample HPC on day 90 was the
greatest in the building (857 CFU/mL) but HPC was less than 1 at other fixtures during
the entire study. The basement hot water sample exceeded Zn and Fe USEPA SMCLs,
and the basement cold water sample exceeded USEPA action level for Pb (Figure 2-3).
Water use significantly influenced chemical and microbiological levels at each
fixture. The number of fixture use events, total water volume used, and average elapsed
time at each fixture sometimes correlated with TOC and bacteria concentration (Table
B18). During the study period, as the number of fixture use events increased, the TOC
concentration increased (positive correlation). Also, it was found that as the total volume
of water used at each fixture increased, TOC concentration increased at each fixture,
except for the basement fixture. With a longer stagnation period, TOC concentration
increased at all fixtures (positive correlation) except for the 2" floor fixture hot water
condition. At the water softener, a strong correlation (0.97) was detected between
bacterial concentration (gene copy number) and number of water softener use events. In
addition, bacterial concentration increased with the total water volume that passed

through the water softener.
2.5 Implications and Limitations

Chemical and microbiological drinking water quality variations found within the
single family residential plumbing mimicked the complexity of drinking water quality
exhibited by large water distribution systems. Like water distribution systems, the

fixture’s distance from the service line resulted in greater water age, lower disinfectant
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residual, greater microbiological characteristics, and was exacerbated at fixtures with low
water use. The higher surface area to water volume ratio of plumbing pipes compared to
larger diameter water distribution pipes likely amplified the observed drinking water
quality impacts. In plumbing, a smaller volume of water was exposed to a greater surface
area of biofilm, chemical leaching, and microbiological contamination. To better
understand the carbon source in building drinking water assimilable organic carbon and
biodegradable dissolved organic carbon analysis should be considered. Adsorption of
organics, metals, and bacteria onto and release from plumbing materials under different
water chemistry, temperature, and flow conditions may also have influenced study results
and should be investigated. The plumbing product testing protocol used for the PEX
piping that was installed currently considers 16 hr and 24 hr stagnation periods® but
should be revised to account for worst-case more realistic stagnation periods identified in
the present work (72 hr).

While water flow was measured with a one-second resolution, much fewer
drinking water chemical and bacteria measurements were conducted. To better identify
the relationships between fixture use and water quality more frequent water chemical and
microbiological analysis would be required. The authors propose conducting more
frequent water sampling over a short duration (1 week) and couple these results with
service line pressure and fixture flow monitoring for the development of integrated water
quality-hydraulic plumbing models. This process has been implemented to better design
water distribution systems and should be considered for building plumbing.

In the U.S., residential building plumbing is designed to deliver a certain volume
of water to fixtures based on number of building inhabitants. Factors such as drinking
water chemical and microbiological levels are not explicitly considered in plumbing
design. Future work should consider how different design characteristics (i.e., plumbing
designs for multi-story vs. long single story buildings) influence drinking water quality.
Identification and examination of plumbing branches to include residence time,
disinfectant decay, chemical leaching, and microbiological growth kinetics should be
considered. This information will be useful to better avoid lower-flow, hot spots of

degraded drinking water quality.
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CHAPTER 3 : INVESTIGATION OF THE FACTORS THAT
INFLUENCE LEAD ACCUMULATION ONTO POLYETHYLENE:
IMPLICATION FOR POTABLE WATER PLUMBING PIPES

Maryam Salehi, Chad T Jafvert, John A Howarter, Andrew J Whelton

3.1 Abstract

The influence of polymer aging, water chemistry, and aqueous Pb concentration
on Pb deposition onto low density polyethylene (LDPE) was investigated. LDPE pellets
were aged by ozonation at 85 °C. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) analysis, water contact angle measurements, and Field
Emission-Scanning Electron Microscopy (FE-SEM) imaging were conducted to identify
surface chemistry and morphology changes due to polymer aging. The influence of water
pH on Pb precipitation rates was determined for new and aged (oxidized) LDPE. The
type and amount of Pb species present on these surfaces was evaluated using X-ray
photoelectron spectroscopy (XPS). The influence of exposure duration on Pb deposition
onto LDPE was modeled using the pseudo-first-order equation. Results showed that the
accelerated aging of LDPE surfaces caused carbonyl (>C=0) and ether (>C-O<) bonds to
form. Distribution ratio calculations showed Pb precipitates had greater affinity for the
surface of aged (oxidized) LDPE compared to new LDPE. Aged LDPE had less Pb
surface loading at pH 11 compared to loading at pH 7.8. Pb surface loading for aged
LDPE changed linearly with aging duration (from 0.5 to 7.5 h). Pb surface loading on
both new and aged LDPE increased linearly with increasing Pb initial concentration.
Greater Pb precipitation rates were found for aged LDPE compared to new LDPE at both
tested pH values. XPS analysis revealed that aging caused the formation of a variety of
polar functional groups (>C-0<, >C=0, >COQ) on LDPE’s surface. These functional
groups likely provided more nucleation sites for Pb(OH)2 deposition compared to new

LDPE, which did not have these oxygen-containing functional groups.
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3.2 Introduction

Lead (Pb) exposure through tap water is a global concern due to the
contaminant’s acute and chronic health impacts. Exposure can delay children’s mental
development, cause behavior disorders, Anemia, renal dysfunction, impaired hearing and
postnatal growth'™. In the U.S., lead in tap water remains a serious health risk, with
large-scale lead drinking water poisonings occurring most recently in Washington, D.C.
in 2004 (at up to 7,500 pg/L)? and in Flint Michigan in 2015 (at up to 13,200 pg/L)>®.

Lead in building tap water can originate from the corrosion of plumbing materials
such as lead service lines or lead containing brass appurtenances, solders, and fixtures’2.
Pb also can enter buildings from the water distribution piping network and then deposit
and release from the surface of metal plumbing components (i.e., galvanized steel)!2. Pb
can either be in particulate or dissolved form and the concentration of each form can be
influenced by water conditions (i.e., pH, hardness), as well as network operational
conditions (i.e., residence time, temperature, corrosion inhibitor, flow rate)!*138, ph
levels in U.S. buildings have been reported to range from 0.2 to 13,000 pg/L in first draw
water samples, and 0.2 to 7,400 pg/L in flushed (30 s) water samples!®-22, If water quality
or operational conditions are altered, excessive metal leaching from piping components
and pipe scales can occur as evidenced by Pb poisonings in Washington D.C.? and Flint
Michigan®®. Due to the complex interactions of hydraulics, temperature, stagnation times,
materials, and water chemistry, the fate of Pb in building plumbing is not well
understood.

To reduce tap water metal drinking water levels some water utilities and building
owners are choosing to replace lead service lines and indoor plumbing with plastic pipes.
Popular U.S. buried water distribution and service line plastic pipes are composed of
high-density polyethylene (HDPE) or polyvinylchloride (PVC). Crosslinked polyethylene
(PEX, 54% of replumbed households) and chlorinated polyvinylchloride (cPVC, 7% of
replumbed households) pipes are also being installed primarily for water service
connections and within premise plumbing instead of copper (9% of replumbed

households)®. Among these materials, it is well-known that PVC and cPVC pipes can
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leach metal heat stabilizers?*-?7, while polyethylene pipes do not leach heavy metals.
Ginige et al (2017) reported Fe and Mn deposition onto HDPE pipe?®.

The limited examination of in-service plastic pipes however, has revealed heavy
metals (including Pb) can accumulate on plastic pipe surfaces (Table 3-1). For example,
on a PVC pipe, the scale on the inner pipe surface was 6% Mn by weight and was easily
dislodged by flowing water?®. In a survey of 15 U.S. water utilities, very high loadings of
As (1,416 to 13,650 pg/g) and Pb (210 to 9,681 pg/g) were detected on PVC drinking
water distribution pipes (Table 3-1)3%-%2, Pb adsorption has been detected on drinking
well PVC casings, and less Pb adsorption was found at lower pH values, but no
adsorption differences were found between 50 pg/L and 100 pg/L Pb concentrations?®.
The role of plastic pipe surface aging on heavy metal sorption has gone unstudied, as
most literature has focused on new (unaged) plastic materials, or plastic pipes in-service,
where aging history is unknown and uncontrolled. Plastics pipes are known to undergo
oxidative attack and degradation caused by drinking water chlorine disinfectants. Several
oxidized functional groups including >C=0, >0OH, and >C-0-C< have been detected on
polymer surfaces exposed to chlorine water®*-*, These polar functional groups may
influence heavy metal interactions with the plastic surface, and hence deserve scrutiny.

The plastic pollution literature contains a great amount of studies regarding heavy
metal adsorption to plastic materials. Metal ion adsorption to new polyethylene resin
pellets has been described using Langmuir and Freundlich isotherms®’. Aged
polyethylene pellets removed from a beach were found to have a greater absorption
capacity for Cd, Co, Cr, Cu, Ni, and Pb adsorption than new pellets®’. As water pH
increased, adsorption of Cd, Co, and Ni increased, Cr adsorption decreased, and Cu
adsorption was unaffected (2014)%®. The influence of water pH on Pb adsorption with the
plastic pellets was studied by others as well. Although, no significant effect was found_for
the Pb loadings as increased river water pH increased from 7.5 to 10.5 at Pb
concentration of 5 pg/L38,

No studies were found that identified why aged plastics adsorbed a greater mass
of heavy metals than new plastics. Prior studies also did not fully explore the condition of
the plastics examined. The working hypotheses in the literature are that: (1) metal cations

(e.g., Pb?*, Ni%*) or oxy-anions (e.g., HCrO4 and CrO4%) directly adsorb onto oppositely
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charge sites or neutral regions of the polymer surface®*-*? and (2) co-precipitation with or
adsorption onto Fe and Mn hydrous oxides occur. However, no testing of these
hypotheses was found.

Because plastic pipes are increasingly being used for potable water distribution
and the literature indicates some plastics can adsorb from and release metals into the
drinking water, this study was conducted. The goal of this study was to investigate
drinking water quality and polymer surface characteristics that influence Pb deposition on
and adsorption to LDPE. LDPE is not used for drinking water piping in the U.S., but it
was previously used for pipe manufacture in Europe*, and is widely used for domestic
and commercial irrigation**. LDPE is a model material for investigating the factors that
control contaminant-plastic interactions. Specific objectives of the work were to: (1)
Determine the role of LDPE aging on Pb surface loadings; (2) examine the influence of
water pH on Pb precipitation over the time for new and aged LDPE; (3) determine the
precipitation rates for new and aged LDPE at pH values of 7.8 and 11; and (4) identify

the type and amount of Pb species present on new and aged LDPE surface.
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Table 3-1 Studies found in the literature that reported detecting heavy metals on plastic
potable water pipes

Water Main Service Line
Metal | Nr | PvC | PVC | PVC | PVC | HDPE PB | HDP | HDP
Mass Found
(ug/g solid scale) (mg/cm? pipe surface

As 1,230 | 13,650 1,416 7,842 nr 49.9

Ba nr nr nr nr nr 446
Cd 0.3 <4.8 36 375 nr 34.1

Cr nr nr nr nr nr 0.82

Ni 18 6 110 137 nr 330

Pb 114 210 4,667 9,681 0.96 w% 25.1

U nr nr nr nr nr 113 0.097 | 0.010 | 0.041
\Y nr nr nr nr nr 137 A * 9
Al 4955 | 1,906 1,025 2,329 19.72 641
Ca 57,79 | 22,939 28,859 4,455 1.29 w% 2,856
Mg 21,15 | 1,492 1,736 442 0.1w% 2,435

Fe 144,2 | 442,52 77,030 237,293 | 1.42w% 5.5 w%
Mn 882 5,142 290 1,267 6.12 w% 2,324

P 10,00 | 15,410 850 1,410 nr 728

Zn 206 8,915 535,783 | 541,564 | 0.35w% 1,846
Ref 30 29 31 32

nr = not reported; All data reported “as is” from cited studies; *Total mass of scale on inner pipe
wall

3.3 Methods
3.3.1 Materials

Low density polyethylene (LDPE) pellets and films (0.1 mm thickness) were purchased
from Sigma Aldrich, and LDPE sheets (3.1 mm thickness) were purchased from
McMaster-Carr. LDPE plastic sheets and films were cut in 1x1 cm? prior to experiments.
LDPE films were used for XPS analysis, and LDPE sheets were used for water contact
angle measurements, for all other experiments LDPE pellets were used. LDPE powder
(diameter: 500 pm) were purchased from Alfa Aesar and were used for surface area
measurement (BET). Pb ICP-MS standard (1000 mg/L) was purchased from RICCA
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Chemical Company. As mentioned by produced company, the Pb ICP-MS standard was
produced by dissolving Pb metal in HNOs. Ultrapure Milli-Q™ (18 MQ*cm) system
treated the water used for all experiments conducted in this study. It should be noted that
different forms of LDPE used in this study may not have exactly the similar

compositions.
3.3.2 LDPE Aging with Ozone

A Pacific Ozone Technology Lab 11 ozone generator was used to generate ozone (O3)
from pure (99.5%) oxygen (Oz2). LDPE samples were placed in glass containers with
water and connected to a condenser (Figure C1). Polymer aging was conducted at 85 °C.
Ozone was sparged into the solution using a glass gas washing dispenser. LDPE plastic
pellets were aged from 30 min to 10 h. The ozone mass flow rate was measured at 3.84

mg/min using the method described by Blatchley et al. (2007)%.
3.3.3 LDPE Pellet Conditioning

In order to remove residual organics from new and aged LDPE pellets, pellets were
conditioned before Pb exposure and carbon leaching experiments. For conditioning, 15 g
of pellets were initially rinsed three times with water, then they were stirred with 250 mL
water for 24 h, then rinsed again three times with water, and finally dried at room

temperature.
3.3.4 Organic Carbon Release Experiment

The release of organic carbon from new and aged LDPE, measured as total organic
carbon (TOC) concentration, was monitored after 2, 6, 12, 24, and 48 h and at 5 days of
exposure in water at pH 6, 7.8 and 11. Surface area to volume ratio S/V was selected as
0.85 cm?/mL for the pellets. To obtain this S/V ratio, 40 LDPE pellets were added to 26
mL water at the desired pH in 40 mL amber glass vials. Next, the samples were
mechanically stirred during each exposure period at room temperature. Water pH was
adjusted using HCI or NaOH. Water pH was measured using an Orion Star A329 portable

pH meter (Thermo Scientific).
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3.3.5 Pb Exposure Procedure

To limit the type of Pb species present in aqueous solution, Pb exposure experiments
were conducted in an oxygen-free environment. To remove the oxygen from the water,
high purity N2 (99.995%) was sparged into the water for 45 min within a glove box. The
appropriate amount of Pb (ICP-MS standard) was added to 300 mL water ina 1L PTFE
bottle to make a stock aqueous solution. Then the pH was adjusted using HCI or NaOH.
Under N2 (in the glove box) 13 mL of the Pb stock solution was added to 20 pellets in 50
mL PTFE bottles (S/V ratio of 0.85 cm?/mL).

3.3.6 Five Day Pb Exposure Experiments

Experiments were conducted at pH values of 7.8 and 11 for new and 10 h aged LDPE
pellets during 5 day exposure period. In these experiments the initial aqueous Pb
concentration was 300 pg/L. During each experiment, three replicates were removed at
each exposure period. To quantify Pb on the pellets, the pellets were removed from the
water and digested with 2% HNOs for 24 h.

3.3.7 Influence of Aging Duration, Organics Content and Pb Initial Concentration

on Pb Deposition

The role of polymer oxidation on Pb surface loading was examined. LDPE pellets
were aged for 0.5, 2.5, 5, 7.5, and 10 h and exposed to Pb aqueous solution (300 ug/L)
for 48 h. The water pH was adjusted at 7.8. A solution of residual organic matter leached
from the pellets was prepared. This solution was used to examine the effect of organics
leached from the aged LDPE on Pb surface deposition. To prepare this solution, 10 h
aged LDPE pellets were exposed to water at pH 11 for 5 days. Then the aqueous solution
was removed and TOC was measured as 47 mg/L. This solution (TOC as 47 mg/L) was
diluted to achieve 28 mg/L and 13 mg/L TOC levels. Then Pb (300 ug/L) was added to
all these three solutions. The water pH was adjusted at 7.8. Then 10 h aged LDPE pellets
were exposed to these solutions in triplicates for 48 h. The impact of initial Pb
concentration on Pb surface deposition was also tested. New and 10 h aged LDPE pellets
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were exposed to an initial Pb concentration of 100 ug/L, 600 pg/L, 1,000 ug/L, 3,000
ug/L and 5,000 pg/L. For each condition, water pH was adjusted at 7.8 and 11.

3.3.8 Pb Exposure of LDPE Films Prior to XPS Analysis

New and aged LDPE plastic films (5 h and 10 h aged) were exposed to Pb concentration
of 5,000 ug/L for 48 h. The water pH was adjusted at 7.8. These plastic films were not
conditioned before the experiment. S/V ratio was selected as 1 cm?/mL. After the
exposure period the films were removed from the solution. They were dried in the glove
box with slow purging N2. After drying, the films were transferred to the XPS facility in
the N2 filled bottles.

3.3.9 ATR-FTIR Analysis

To identify the plastic surface functional groups after the aging process Attenuated Total
Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy was applied on LDPE
pellets, sheets and films. Spectra were recorded on a Perkin-Elmer Spectrum 100 FT-IR
Spectrometer from 4000 to 650 cm™. A 2 cm resolution was applied. Carbonyl bond
intensity has previously been used to examine polymer oxidation®®=*°, In this study the
degree of polymer oxidation (carbonyl index) was estimated by comparing the ratio of

the carbonyl peak intensity (1710 cm™) and reference peak intensity at 720 cm™°,
3.3.10 Water Contact Angle Measurement

The surface wettability changes were examined by application of static water
contact angle titration. New and 10 h aged LDPE sheets were studied. Water contact
angle measurements were carried out by averaging 20 readings of three replicates using
Ramé-hart contact angle goniometer and tensiometer: Model 500. Buffer solutions (pH 2
to 12) were prepared by addition HCI and NaOH to Ultrapure Milli-Q™ water. The pH
has been adjusted with 0.01 accuracy. These measurements were conducted on new and
10 h aged LDPE sheets. Two independent student t-tests were used to elucidate the
difference between new and aged LDPE sample water contact angles.
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3.3.11 BET Surface Area Measurement

LDPE powder was aged for 10 h, was dried at the room temperature and was used
surface area measurement. The Brunauer, Emmet and Teller (BET) model was applied to
the N.-adsorption data in order to evaluate the surface area changes due to the LDPE

aging. The surface area was measured using a Micromeritics (Tristar 3000) analyzer.
3.3.12 TOC Measurement and Pb Quantification

TOC concentration was measured using a Shimadzu TOC-L CPH/CPN in
accordance with USEPA method 415.1. Standard calibration curve was conducted on
instrument from 0 to 100 mg TOC/L (r?>=0.995) using potassium acid phthalate®’,

For Pb surface loading quantification the plastic (LDPE) pellets were removed
from aqueous solution. Then they acidified for 24 h in 2% HNOs solution in 15 mL
polypropylene tubes. After that they removed from the acidified solution, and Pb
concentration was determined in acidified solution. The residual floc was defined as the
amount of Pb that was not deposited on LDPE pellets or container wall and left in the
solution. To quantify the residual floc, after removing the LDPE pellets from PTFE
bottles, the solution was transferred to 15 mL polypropylene tubes and acidified with 2%
HNOs. The residual floc also was monitored for the control samples (contained only Pb
solution and no LDPE pellets) in triplicates. If needed the acidified solutions were diluted
using UMQW treated water then they analyzed with a Perkin Elmer Elan-DRCE |1
Inductively Coupled Plasma Mass Spectrometer (ICP-MS). Pb standards for ICP-MS
analysis were prepared in 5 pug/L, 25 pg/L, 50 pg/L, 100 pg/L, 200 pg/L and 300 pg/L

concentrations.
3.3.13 FE-SEM and XPS Analysis

Field emission scanning electron microscopy (FE-SEM) imaging was conducted
to examine the polymer surface morphology changes. New and 10 h aged LDPE sheets
were used for FE-SEM imaging. FE-SEM instrument was FEI Nova Dual Beam with an
Oxford 80 EDX detector. Before analysis, sheets were coated with gold and palladium

under vacuum conditions. X-ray photoelectron spectroscopy (XPS) measurements were
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conducted using a Kratos Axis Ultra DLD spectrometer with monochromatic Al Ka
radiation (hv=1486.6 eV). High-resolution spectra were collected at constant pass energy
with a PE of 20 eV and survey spectra at PE of 160 eV. A charge neutralizer was used to
achieve better resolution. Binding energy value refers to the Fermi edge and the energy
scale was calibrated using Au 4f7/2 at 84.0 eV and Cu 2p3/2 at 932.67 eV. The data were
converted into the VAMAS file format (*.vms) and imported into the CasaXPS software
package for manipulation and curve-fitting. A Shirley background was subtracted from
each region before quantification. All C 1s peaks were adjusted so that the peak
maximum appeared at a binding energy of 284.8 eV and all binding energies (BESs) are

measured relative to this C 1s (hydrocarbon) reference.

3.4 Results and Discussion
3.4.1 Low Density Polyethylene (LDPE) Degradation
3.4.1.1 ATR-FTIR Analysis

For new LDPE pellets absorption bands at 2914 cm™ and 2848 cm™ were
detected. These can be attributed to sp® >C-H asymmetric and symmetric stretching.
Absorption bands at 1464 cm™ and 715 cm™* were also found for new LDPE and are
assigned to >C-H bending. Several oxidized surface functional groups were also
identified on aged LDPE (Figure 3-1a). The 1710 cm carbonyl functional group
revealed the LDPE pellets were oxidized. This functional group has been previously
found on aged HDPE water pipes exposed to disinfected drinking water®?, For LDPE
samples aged 2.5 h to 10 h, a wide peak was observed at 938 cm™. This wide peak was
attributed to >C-O-C< and was not found on new LDPE®, Several other peaks were
observed for 2.5 h to 10 h aged LDPE that could be attributed to >C-O-C< functional
groups (1096, 1154, 1411, 1214, and 1291 cm™)33, Formation of the >C-O-C< bond was
also detected on polyethylene water pipes exposed to hot chlorinated and nonchlorinated
waters®3°3, With increased aging duration (from 0 h to 10 h), the degree of oxidation

increased linearly (r>=0.97) (Figure 3-1b).
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Figure 3-1 (a) ATR-FTIR spectra of new and aged LDPE, (b) Degree of oxidation over the aging
duration (error bars represent standard deviation for three samples)

Similar surface functional groups were found for 10 h aged LDPE sheets, films and
pellets (Figure C2). The absorption intensity of >C=0 and >C-O-C< functional group
peaks for aged LDPE sheets and films were lower than aged LDPE pellets. The LDPE
sheet (carbonyl index: 1.34 + 0.09) and the LDPE film (carbonyl index: 1.35 + 0.2) were
slightly less oxidized compared to LDPE pellets (carbonyl index: 2.08 + 0.31). Aged
LDPE pellets (10 h) were selected for Pb exposure experiments because they provided
greater surface area available for Pb sorption compared to LDPE sheets and films. The
aged LDPE pellet surface functional groups were similar to polyethylene pipes aged by

chlorinated water®,
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3.4.1.2 Influence of Polymer Aging on Surface Wettability, Morphology and Surface
Area

Water contact angle measurement showed significantly lower water contact angles (p-
value <0.01) for aged LDPE (98.6° £+ 1.6°) compared to the new LDPE (104.6° + 2.8°).
This finding is likely due to the aged LDPE’s surface being more hydrophilic, caused by
the chemical oxidation. It is well-known that water adsorbs to polar polymer surfaces and
oxidation can increase wettability>*. Water pH (2 to 12) did not consistently influence
water contact angle for aged LDPE (p-value 0.076). Water contact angles were greater
for new LDPE at pH values 8, 9, and 10 (p-value 0.006), but not at any other pH
condition (Figure C3). No surface morphology differences were observed for new and
aged LDPE by FE-SEM (Figure C4). BET surface area was greater for 10 h aged LDPE
powder (0.12 + 0.0 m?/g) compare to new LDPE powder (0.03 + 0.0 m?/g).

3.4.1.3 Organic Carbon Release by New and Aged LDPE

Organic carbon release by LDPE pellets was significant over the five day experiment, but
aged LDPE released the greatest amount of carbon compounds. Also, the observed TOC
concentration by aged LDPE was a function of water pH. Organic carbon released by
aged LDPE was significantly greater at pH 11 (> 48 mg/L) than pH 6 (< 3 mg/L) (Figure
3-2). For new LDPE, organic carbon release was low (< 1.7 mg/L at all pH conditions).
The finding that water pH influenced organic carbon release from aged LDPE is
important. The release of these compounds is likely altering the polymer nanostructure
and could influence heavy metal fate and interaction with the plastic surface. LDPE can
hydrolyze at room temperature®. Also, by increasing water pH from 5.0 to 8.1
polycarbonate hydrolysis resulted in greater chemical leaching®. Very little information
was found regarding the impact of water pH on organic carbon release from plastic
pellets, sheets, and pipes. Greater carbon release could be due to LDPE degradation at
high water pH. Excess OH™ ion could attack vulnerable bonds created from chemical
oxidation of polymer chains. Oxidized carbon functional groups formed on polymeric
chain after ozone aging made the polymer vulnerable. As a result electron withdrawing

by oxygen caused the positive charge for adjacent carbon atom. This positively charged
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carbon atom can be attacked by OH-ion present in water®”*8, High reactivity of the
radicals formed due to OH"attack could initiate unsaturated bond formation®. In the
present study exposure of aged LDPE to pH 11 water caused the vinyl bond formation
(>C=C<). This bond was not detected after polymer exposure to either pH 6.0 or 7.8
(Figure C5).
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Figure 3-2 Organic release over the time for (a) New and (b) 10 h aged LDPE (Mean # std)

3.4.4 Pb Precipitation on New and Aged LDPE
3.4.4.1 Pb Speciation in DI Water

Pb chemical speciation in DI water when no oxygen was present, was determined through
solving Pb hydroxyl complexation and solubility equations (Table C1). Results showed
that Pb was precipitated onto new and aged LDPE, as the major portion of Pb species in
the solutions was solid. Only very small amount of diluted HCI was used for pH
adjustment, and based on the chemical equilibriums the concentrations of chloride
complexes in the system were negligible. As a result, it was assumed that only Pb?*,
Pb(OH)*, Pb(OH)2 (ag), Pb(OH)2 (s), Pb(OH)3™ and Pb(OH)4> were present in the water.
Figure C6 shows Pb speciation based on these complexation equations (pH 2 to 12). For
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5 day Pb exposure [Pb]: was selected as 300 ug/L. This Pb concentration simulated the
condition when new and aged plastic premise plumbing exposed to Pb level more than
US Environmental Protection Agency (USEPA) action level (15 ug/L). Precipitation
rates were determined for new and aged LDPE exposed to Pb (100 pg/L to 5,000 ug/L) to
understand the magnitude of Pb deposition onto plastic plumbing system after exposure
to excessive level of Pb at different water chemistry conditions. Based on Pb hydroxyl
complexation and solubility equations, the concentration of soluble Pb species was 19.0
ng/L at all tested Pb initial concentrations (100 pg/L to 5,000 pg/L) at pH 7.8. It was
almost 0.0 for all tested Pb initial concentrations (100 pg/L to 5,000 pg/L) at pH 11
(Figure C7). This soluble Pb level was neglected compare to total Pb concentration (100
ug/L to 5,000 ug/L).

3.4.4.2 Pb Precipitation on LDPE over 5-day Exposure Period

Pb precipitation on new and aged LDPE during the 5 day exposure period was examined
using pseudo-first-order model (Equation 3-1 and 3-2). In this study we considered Pb
precipitation onto LDPE as a mass transfer process, since pb species only transferred from

solution to LDPE surface and no chemical reaction occurred.

d

d_(z =-K(q— Qeq) (3-1)

q= Qeq(l - e_Kt) (3-2)
In2

ti2 = nT (3-3)

Where g and g, are the Pb surface loading on LDPE (ug/m?) at the time t (h) and at the
equilibrium. The first-order mass transfer constant was shown by K (h™?), and it was
determined using the experimental data. The half-life (ti2) represents the time required for
polymer to uptake half of equilibrium Pb surface loading and calculated using Equation (3-
3).

In this study the authors defined the distribution ratio (D) as shown in Equation 3-4. The
distribution ratio shows Pb distribution between LDPE surface and aqueous solution. The
Pb distribution between LDPE surface and aqueous solution was estimated by

determining the distribution ratio.
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Pb Surface loading (%)

D (mm) =

(3-4)

Pb floc left in solution (%)
3.4.4.2.1 Effect of Polymer Aging on Pb Precipitation Over the Time

Aged LDPE had a greater Pb surface loading than new LDPE and loading was a function
of exposure duration (2 h to 5 days) (Figure 3-3a). Pb loading on aged LDPE was greater
than new LDPE during all exposure periods. Aged LDPE achieved 45% of its surface
loading equilibrium during the first 2 h exposure. But for new LDPE only 1.7% of
equilibrium was obtained in the first 2 h. As Table 3-2 shows the half-life (t12)
determined for new LDPE (46.21 hr) was greater than aged LDPE (33.00 h). At pH 7.8,
Pb surface loading increased sharply for both new and aged LDPE during the first 12 h
exposure period, and gradually approached equilibrium. Pb surface loading was
quantified for LDPE pellets aged from 30 min to 10 h, after 48 h exposure to Pb aqueous
solution. Pb surface loading increased linearly (r>=0.966) with increased aging duration
up to 7.5 h, then it became constant (Figure 3-3b). Polar functional groups on the aged
LDPE (>C=0, >C-0, >C-0-C<) could be responsible for greater Pb surface loading
compared to new LDPE. Other researchers have reported detecting greater Pb mass
loading on aged polyethylene pellets compared to the new polyethylene pellets®’%,
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Figure 3-3 (a) Pb surface loading on new and aged LDPE over the time at pH 7.8, (b) Influence
of LDPE aging duration on Pb surface loading, Error bars are standard deviation for three
replicates

3.4.4.2.2 Effect of Water pH on Pb Precipitation Over the Time

As Figure 3-4 shows less Pb surface loading was found on both new and aged LDPE at
pH 11 compared to pH 7.8. Despite Pb surface loading great changes due to the pH increase
from 7.8 to 11 much lesser changes occurred in Pb speciation. At pH 7.8, 93.7% of the lead
was present as [Pb(OH)2]«) and at pH 11, the lead was 100% [Pb(OH)2]s) (Figure C6). Pb
surface loading on both new and aged LDPE was time dependent. While the pH 11
condition was outside recommended U.S. drinking water pH standard (6.0 to 8.5), in some
cases long water stagnation periods in iron pipes cause pH increase up two units and

approach pH 115062,
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Figure 3-4 Pb surface loading on (a) new and (b) aged LDPE over the time at pH 7.8 and 11
(Mean = std)

The new LDPE first-order mass transfer constant was 2-fold greater at pH 7.8 compare to
pH 11 (Table 3-2). In contrast, K for aged LDPE was more than 8-fold greater at the high
pH condition. For aged LDPE the half-life (t12) was significantly less at pH 11 (24 min)
compare to pH 7.8 (3.55 h). According to distribution ratio (D), Pb precipitates
demonstrated a greater affinity toward aged LDPE compared to new LDPE. At the high
pH condition, the distribution ratio (D) was 50-fold lower than at pH 7.8 for new LDPE,
and it was 19-fold lower for aged LDPE.

Table 3-2 The behavior of Pb precipitation over the time on new and aged LDPE at pH
7.8and 11

LDPE | Water pH Pseudo first order model glstt'“bu“on
K (h}) R? t v () atio (mm)

New 7.8 0.022 0.999 31.65 69.26
11 0.011 0.980 60.27 1.37

Aged 7.8 0.195 0.996 3.55 251.50

11 1.700 0.999 0.40 12.97
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Pb surface loading was significantly reduced due to the increased pH after 48 h for new
LDPE and after 24 h for aged LDPE. As mentioned earlier, a great amount of organic
carbon was released from aged LDPE due to the exposure at pH 11. The influence of
these organic chemicals on aged LDPE Pb surface loading was examined. The results
showed that the presence of organic material leached by aged LDPE pellets reduced aged
LDPE Pb surface loading (Figure C8).

3.4.4.3 Influence of Pb Concentration on its Precipitation on LDPE

At all Pb concentrations, greater Pb surface loading was detected for aged LDPE
compare to new LDPE. Pb mass on polymer surface was graphed versus the residual Pb
mass remaining in aqueous solution, where the pellet surface area was 1108 mm? and
aqueous solution volume was 13 mL (Figure 3-5). Less Pb surface loading at higher pH,
could not be related to the Pb species very small change due to pH changes. The high
organic material release for aged LDPE at pH 11 may have caused lower Pb surface
loading. No study was found that has investigated the influence of organic materials,
released from plastics, on Pb adsorption. In other studies, the the type of organic material
present, their concentration, contact time, and metal concentration can influence Pb
adsorption to soil®.

As described earlier with increased TOC level, less Pb surface loading was found
for aged LDPE (Figure C8). By applying a linear model for the results, the slope was
defined as the precipitation mass rate. This mass rate was greater for aged LDPE at both
pH values (at pH 7.8 as 4.58 and at pH 11 as 0.54) compared to mass rates observed for
new LDPE (at pH 7.8 as 0.05and at pH 11 as 0.33). For aged LDPE, the precipitation
mass rate reduced with increased water pH from 7.8 to 11. However, with increased pH
from 7.8 to 11, the mass rate increased for new LDPE pellets. Increased Pb surface

loading with increased aging duration supports this hypothesis (Figure 3-3b).
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Figure 3-5 Pb mass loading on LDPE versus Pb residual mass in the solution at pH 7.8 and
11(error bars are standard deviations for three replicates)

The surface of both new and aged LDPE pellets served as nucleation sites for Pb

precipitation and crystal growth. Different Pb mass loadings for new and aged LDPE

could be due to the different number of nucleation sites present on each polymer. The

aged LDPE oxidized surface provided more nucleation sites for Pb precipitation

compared to new LDPE. For aged LDPE at pH 11, a high mass of organic compounds

were released into the contact water. It is possible these organic compounds decreased Pb

surface loading by (1) making non-adsorbable complexes with Pb, and (2) competed with

Pb for available surface sites®®. Both phenomena could have resulted in less Pb

precipitated on the polymer surface. The influence of water pH on Pb adsorption with the

plastic pellets was studied by others as well.

3.4.5 Polymer Surface Chemistry Analysis Using XPS

XPS analysis was conducted on LDPE films to understand the influence of

polymer aging on Pb precipitation. As Figure 3-6 shows the C1s peak at 284.8 V%% js

the dominant feature associated with the LDPE structure. A weak O1s peak at 531.9 eV

was observed for new LDPE and its intensity was greater for aged LDPE indicating

chemical oxidation had occurred. The weak O1s peak for the new LDPE sample was
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probably due to intrinsic surface oxidation. All new, 5 h and 10 h aged LDPE samples
were exposed to Pb aqueous solution (5,000 pg/L), but Pb 4d and 4f peaks in survey
spectra were only detectable on aged LDPE samples. This finding indicates a persistent

Pb residue resulting from LDPE aging/oxidation.
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The atomic % of C, O, Pb were determined based on the peak area from XPS
analysis (Table 3-3). The measurement uncertainty was estimated to be 0.1%. Aged
LDPE samples had a greater percentage of oxygen present on their surface than new
LDPE (Table 3-3). As ICP-MS results show, a greater amount of Pb was deposited onto
aged LDPE compared to the new LDPE.

Table 3-3 Elemental atomic concentration % in sample of LDPE

Cls

Sample Name CC [ c0 | C=0 | 0C=0 O 1s Pb 4f
98.3
99.3

5 h aged LDPE %0.6 94 0.0

915 | 37 | 27 | 21 ' '

89.0

5 h aged LDPE + Pb 916 | 34 | 30 | 20 10.6 0.5
92.1
83.8

10 h aged LDPE+ Pb 861 | 49 | 41 | 49 16.0 0.1

To verify that the observed oxygen percentage increase for aged samples was due to
polymer oxidation, high-resolution C1s spectra was measured. Carbon atom chemical
state was also studied. Analysis of C1s spectra for aged LDPE samples revealed four
different peaks at 284.7 eV (>C-C<), 286.4 eV (>C-0), 287.7 eV (>C=0) and 289.2 eV
(>0-C=0) (Table 3-3, Figure C9) similar to the peaks found by Briggs et al., (2003)
who analyzed oxidized LDPE®’. No differences were found between the surface
oxidation of 5 h and 10 h aged LDPE. As the 10 hour LDPE may have experienced
additional aging relative to the 5 hour sample, but the oxidation region measured by XPS
was saturated after 5 hour aging. ATR-FTIR analysis revealed greater degree of oxidation
for 10 h aged LDPE film compare to 5 h aged LDPE film (Figure C10). ATR-FTIR
analysis depth is around 0.5 to 5um however, XPS is only sensitive to the outermost 8 to
10 nm of material.

There was no change in the carbon envelop for new LDPE before and after the Pb
solution treatment. From this result, the Pb solution treatment did not itself impact the
LDPE. XPS analysis, coupled with the ATR FTIR results, indicates that deposited Pb is
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likely electrostatically bound to the oxidized carbon. The doublets characteristic of lead
derived from spin-orbit split appeared respectively, at 139 eV (assigned to Pb 4f7/2) and
at 143.9 eV (assigned to Pb 4f5/2) after exposure of 5 h aged LDPE sample to Pb
aqueous solution (Figure C10). The peak observed at 139 eV agrees with the 138.6 eV
value reported for Pb(OH)2%%°. The binding energies of C and O were also not changed
by Pb(ll) adsorption. This indicated no significant electron transfer occurred between
unoxidized LDPE and Pb(ll). As XPS and ATR-FTIR results demonstrated, the aging
process clearly oxidized the LDPE, creating electrostatic dipoles at the surface. Results
from this study indicate that Pb precipitation on LDPE was due to the electrostatic
interaction between polymer charged surface and Pb(OH)2. Aged LDPE with variety of
polar groups (>C-0O<, >C=0, >COOQ) on its surface provided more nucleation sites for
Pb(OH): deposition than new LDPE.

3.5 Conclusion

The influence of polymer aging, water chemistry and Pb initial concentration on
Pb deposition onto LDPE was examined. Pb precipitation over 5 day exposure period for
new and aged LDPE was determined at pH 7.8 and 11. The type and amount of Pb
species and carbon functional groups present on new and aged LDPE surface were
determined through XPS. Both ATR-FTIR and XPS analysis of aged LDPE showed that
several oxidized carbon functional groups formed on the polymer surface. Greater Pb
surface loading was found for aged LDPE compare to the new LDPE at both water pH
conditions. Pb surface loading increased linearly (r?=0.966) with longer aging duration,
up to 7.5 h. Polar functional groups formed due to the aging could be responsible for
greater Pb surface loading on aged LDPE compared to the new LDPE. Modeling Pb
transfer from solution to LDPE surface with pseudo-first-order equation showed a greater
rate of Pb deposition onto aged LDPE compared to new LDPE. Less Pb surface loading
on both new and aged LDPE was found after 5 days at pH 11 compared to pH 7.8. The
Pb precipitation rate was greater for aged LDPE compared to new LDPE at both water
pH conditions. XPS analysis detected Pb only on aged polymer surface. Pb precipitation
on LDPE was due to the electrostatic interaction between polymer charged surface and
Pb(OH)2. XPS analysis revealed several oxidized functional groups were formed on aged
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LDPE, these functional groups likely provided better nucleation sites for Pb(OH)2

deposition compared to new LDPE.
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CHAPTER 4 : METAL ACCUMULATION IN REPRESENTATIVE
PLASTIC DRINKING WATER PLUMBING SYSTEMS

Maryam Salehi, Xianzhen Li, Andrew J Whelton

4.1 Abstract

Metal abundance and scale morphology for crosslinked polyethylene (PEX)
plastic pipes, and pipe oxidative condition was examined in a one year old residential
plumbing system. Experiments were also conducted to determine if plastic pipe surfaces
can influence scale formation. Within a single plumbing system, significant differences
were found for scale morphology, the amount of metals present on pipe inner walls, and
pipe aging condition. Metals found on the plastic pipes (Al, Ca, Co, Cu, Fe, Mg, Mn, Ni,
Pb, Se, Zn) were corrosion products from water distribution and plumbing materials, and
were present in the source water. Iron was the most abundant contaminant. Bench-scale
experiments revealed that plastic served as a nucleation site for iron crystal growth and
expedited crystal formation. Plastic plumbing pipes can adsorb metals that have health
and aesthetic drinking water limits and additional work is needed to understand the

conditions that affect metal accumulation and release.

KEYWORDS: PEX; Heavy Metal; Plastic Pipe; Drinking Water; Scale
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4.2 Introduction

Heavy metals can pose acute and chronic human health risks and understanding
their source and fate in drinking water infrastructure is important. Metals in tap water can
originate from ground and surface waters (i.e., Ca, As, Co, Mn)?, are added during water
treatment (i.e., Al, Mn, Fe)?, and can leach from water distribution, service lines, and
building pipes, scales, and plumbing fixtures (i.e., Cr, Cu, Fe, Pb, Zn, Sn)3*. Drinking
water taste, color, and clarity problems can also be caused by Al, Cu, Fe, Mn, Ag, and
Zn®. In recent years, very high heavy metal concentrations have been caused by water
chemistry changes and backflow accidents: 7,500 pg Pb/L in Washington D.C.5, 13,200
ug Pb/L in Flint Michigan”®, 41 mg Cu/L in Connecticut®, 70 mg Cu/L in Wisconsin®®,
and 50 mg Cr/L in Massachusetts®!. For these incidents, it is unknown how much metal
accumulated in plumbing infrastructure because no testing results were found.

In the U.S., plastic pipes such as high-density polyethylene (HDPE),
polyvinylchloride (PVC), crosslinked polyethylene (PEX) and chlorinated
polyvinylchloride (cPVC) are being installed to reduce tap water metal content!?6, PVC
and cPVC pipes contain metal heat stabilizers and release microgram amounts of heavy
metalst’. No studies were found regarding heavy metals present in HDPE and PEX
piping. A growing amount of evidence shows that plastic water distribution pipes can
accumulate heavy metal scales (Figure 4-1)> 1821 but no investigations were found that
examined plastic building plumbing. In a survey of 15 U.S. water utilities, a wide range
loadings of As (1,416 to 13,650 pg/g), Ca (4,455 to 57,790 pg/g), Fe (14,420 to 77,030
ng/g), and Pb (210 to 9,681 pg/g) were detected on PVC water distribution pipest®. High
calcium (2,856 pug/g), Mg (2,435 ug/g), Mn (2,324 ng/g), and Zn (1,846 pg/g), were also
detected on HDPE water mains?. A PVC water main from Honduras contained Mn at
approximately 6 wt% of the pipe’s scale?. Different metal loading reporting approaches

inhibit a more detailed comparison of studies.
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(a) (b) (c)

Figure 4-1 Scale visible on inner wall of drinking water (a) High-density polyethylene
service line pipe, Florida, USA, (b) Polyvinylchloride water distribution pipe,
Tegucigalpa, Honduras, and (c) Polybutylene service line pipe Alabama, USA. Image (b)
represented by permission and courtesy of Dr. Jose M Cerrato, University of New
Mexico.

Metal adsorption to plastics can be influenced by water chemistry, water flow,
exposure duration, plastic type and the plastic’s condition. PVC pipe scale formation was
influenced by water hardness, water pressure, and water velocity for test water created
using CaClz, MgClz, and MgSO4%2. Water chemistry variations have influenced As, Cd,
Mn, Ca, Mg, Fe, and Ni accumulation and release from PVC and HDPE water
distribution pipe scales'® 2123, Plastic pollution studies have also revealed metals can
adsorb to plastics (Table 4-1). For example, as water pH increased, Cd, Co, Ni and Pb
adsorption for polyethylene (type unreported) increased, but Cr adsorption decreased, and
Cu adsorption was unaffected®®. No information was found about metal loading on

building plumbing plastic pipes.
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Table 4-1 Metal adsorption onto various polymeric materials

Polymers Metals o .
Examined  Studied Application  Description of Results
PVC, cd, _ None of plastics tested adsorbed (Cr, As), but all adsorbed
PTFE, Cr, Cu, Pb,  Well Casing Cu. Cd. PbZ5 n
FEP, FRE As T
PVC cd,
! Cr,Cu, Pb, Well Casing Less metals sorbed to PTFE compare to PVC?
PTFE .
Fe, Ni
. o . .
PVC Pb  Well Casing Approx2|7mately 10% of the Pb in solution sorbed to the PVC
surface
Zn,
U, Co, R, Plastic
PE (nr) Ag, |, Cs, X Lower pH prevented metal adsorption to plastic?®
Pollution
Sh, Sr, Rb,
Sc, In
HDPE, . 3 . 2
Plastic Fe*3adsorbed onto a new HDPE polymer bottle while Fe
PMMA, Fe ; ) ) . i g
PTFE Pollution did not; 40% of iron remained in solution
. cr, Plastic Metal uptake on beached aged pellets was greater than on
PE () Co, Ni, Cu, Pollution new pellets placed in an ocean *°
Zn, Cd, Pb pefiets p
Fe, Plastic
PE(nr) Al, Mn, Pb, ; Accumulation was Fe>Al>Mn>Pb>Cu, Zn>Ag®
Pollution
Cu, Zn, Ag
PET, Al, . .
. HDPE typically accumulated lesser metal loading than the
HDPE, Cd, Co, Cr, Plastic S
. . other polymers tested. Equilibrium was reached for some
PVC, Mn, Fe, i, Pollution olymers over the 12 month study period?
LDPE,PP  Pb, Zn) poly yp
PE (n1) Co. Cr gf Plastic In estuarine conditions metal adsorption was influenced by
,’\“ Ié’b ' Pollution pH, salinity, and whether or not the plastic was “aged”
. Plastic debris were collected from beach and street, and
Plastic :
Styrofoam Hg Pollution mercury content was an order of magnitude greater than
beach sands. Up to 3,863 ng g Hg detected in the debris®®
Cu, Plastic Adsorption of Cu was greater by PVVC compare to PS under
PS, PVC : - . 9
Zn Pollution marine environment
The amount of metal adsorbed increased by10-90% with
PE (nr) Am  Labware increasing pH, Am*3concentration, and decreased in the
presence of NaClO4, NaNOs, and CaCl; salts®
Pd LDPE had the greatest adsorption and PP demonstrated
LDPE, PP Pt Rh ' Labware intermediate adsorption. Increasing water pH (>5) caused
’ greater metal sorption to polymers®®
Pb Plastic Polystyrene waste was sulfonated and converted into cation
PS : A exchange resin. Cation exchange capacity was 50 and 130
Cd Modification

mq/100 g for Pb and Cd respectively®’

nr=not reported; PVC=Polyvinylchloride; PTFE=Polytetrafluoroethylene; FEP=Fluorinated Ethylene
Polypropylene; FRE=Fiberglass Resin Forced Epoxy; PE=Polyethylene; HDPE=High density
polyethylene; LDPE=Low density polyethylene, PS=Polystyrene
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Studies were not found that compared the oxidative condition of plastic pipes
within a single plumbing system, and prior studies show disinfectants can chemically
attack PEX pipes!® 384° To protect PEX pipes from degradation, antioxidants are added
during pipe manufacture. When antioxidants are depleted, the PEX pipe’s oxidative
resistance, or oxidation induction time (OIT), approaches zero, and polymer chain
scission can be expedited!® 3738 41,42 For pressurized water pipes, chain scission can
culminate in pipe mechanical failure. Due to chlorinated water exposure, >C=0 and >C-
O-C< bonds can form on the PEX pipe’s surface!® 3-40, Surface oxidation may be
important in understanding metal-plastic pipe interaction because a few studies have
shown that oxidized polyethylene materials sorbed a greater amount of Cd, Co, Cr, Cu,
Ni, and Pb compared to new material®* *°. To better understand metal deposition and
scale formation on plastic plumbing pipes, the condition of the plastic pipes should be
investigated.

This study was conducted to examine metal abundance on plastic plumbing pipes
and to determine if plastic surfaces influence metal scale formation. The specific research
objectives were to: (1) Quantify the surface and bulk oxidative condition of PEX pipes
removed from a residential building after one year of use, (2) Determine metal loading on
the pipes removed, and (3) Conduct bench-scale metal nucleation experiments to

determine if a plastic surface can allow metals to adsorb and act as nucleation sites.
4.3 Experimental

In 2015, potable water pipes from a residential building (2,863 ft?, four bedroom,
two bath home) were removed for this study. Plastic pipe condition and metal loading on
their inner pipe walls were investigated. Based on field results from the present study, a
bench-scale experiment was conducted to better understand iron crystal formation on a

polyethylene surface.
4.3.1 Characteristics of the Exhumed Plumbing System

An entire one year old residential PEX (type A) pipe plumbing system was

removed in July 2015 (Indiana, USA). The residential building was initially constructed
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in the 1920s and renovated in 2014. The building contained 0.75 in and 0.5 in diameter
PEX pipe with a trunk-and-branch design (Figure 4-2).

21d Floor Bathroom Sink

2 15t Floor Kitchen Sink
Hot Water
S 2 Basement | Laundry
Service 3 2 . 1
line
Water Heater Tanks Locations
N\ )
where pipe
samples @
Water ; were
Softener Cold water removed

Figure 4-2 The schematic diagram of the plumbing system

All water entering the house, passed through a whole-house water softener
(Whirlpool model WHES33 LE33) after the service line sampling point. Brass valves and
fittings and also faucets were used in the plumbing system. A 5 ft section of corroded
galvanized iron pipe conveyed hot water from the basement to 1% and 2" floors. A
Hersey 420 composite water meter with copper service line was connected to the PEX
service line. Three 409 L glass lined water heaters were present in series with carbon
steel heat exchangers. All heaters contained a magnesium coated anode rod. Pipes were
collected from 10 different locations from both cold and hot water plumbing: the service
line, pipes exiting three domestic water heater tanks in series (1, 2, 3), and pipes
immediately before the basement laundry fixture (cold and hot), 1% floor kitchen sink
fixture (cold and hot), and 2" floor bathroom sink fixture (cold and hot). All pipes were
capped and stored at 4 °C until characterization. After plumbing system removal, a new

PEX-A plumbing system was installed (i.e., pipes, fixtures, and fittings). The water utility
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that supplied drinking water to the building relied on a groundwater source, and provided
its finished water chemical testing results (Table 4-2). Groundwater was chlorinated for
oxidation, aerated, filtered, chlorinated for secondary disinfection, and a corrosion

inhibitor was added before distribution (70% orthophosphate and 30% polyphosphate).

Table 4-2 Finished water quality reported by the local water treatment plant

Water Quality Parameter | 2016 Value
pH 7.0t07.5
Alkalinity (mg/L as CaCQOgs) | nr

Ca (mg/L) 104.0

Mg (mg/L) 34.0

Mn (mg/L) 0.02

P (mg/L) nr

Zn (mg/L) nd

Al (mg/L) nd

Fe (mg/L) 0.05

Na (mg/L) 26.0

Pb (mg/L) nd”

Cu (mg/L) 0.564"
As (mg/L) 0.004

Cr (ug/L) nd to 0.14
Ni (mg/L) 0.005

*90"™ percentile results; nd = Not detected; nr = Not reported; Hardness is typically 248 to
416 mg/L as CaCOg per the utility drinking water 2016 Consumer Confidence Report

4.3.2 Characterization of Plastic Pipe Samples

For all pipes, the inner pipe wall was characterized to determine the surface
morphology and elemental composition. Field emission scanning electron microscopy
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(FESEM-EDX) was applied (FEI Nova Dual Beam, Oxford 80 EDX detector), and this
technique has been used for other pipe scale investigations®. In the present study, pipe
samples were coated with gold/palladium under a vacuum condition before FESEM
analysis. The service line pipe was also selected for X-ray photoelectron spectroscopy
(XPS) analysis to further characterize the elements on the pipe surface. XPS
measurements were conducted using a Kratos Axis Ultra DLD spectrometer with
monochromatic Al Ko radiation (hv=1486.6 eV). A charge neutralizer was used to
achieve better resolution. Binding energy value refers to the Fermi edge and the energy
scale was calibrated using Au 4f7/2 at 84.0 eV and Cu 2p3/2 at 932.67 eV. A Shirley
background was subtracted from each region before quantification.

The surface and bulk oxidative condition of each pipe was examined using
Attenuated Total Reflectance Fourier Transform Infrared (ATR FTIR) spectroscopy and
differential scanning calorimetry (DSC), respectively. A Perkin-Elmer Spectrum 100 FT-
IR Spectrometer was used with 4,000 to 800 cm™ and 2 cm™ resolution. The pipe’s bulk
oxidative resistance, indicated by the material’s OIT, was obtained with DSC. Samples (5
to 9 mg) were placed in open aluminum sample pans under a nitrogen flow of 50
mL/min. Cell temperature was ramped from 50 to 200 °C at 10 °C/min. The final
temperature was held constant for 5 min, then the nitrogen flow was exchanged with pure
oxygen. Sample oxidation time was determined by drawing a tangent line to the
isothermal baseline and the steepest exothermal slope®.

The total amount of element on each pipe surface was determined by acidifying
the inner pipe wall followed by quantification using a Perkin EImer Elan-DRCE I
Inductively Coupled Plasma Mass Spectrometer (ICP-MS). Pipes were exposed to acid
solution (2% HNO3) for 48 hr at 23 °C. Acidified solutions were analyzed for the
following elements and their detection limits were: Al (5 pug/L), As (25 pg/L), Be (0.5
pg/L), Ca (50 pg/L), Cd (5 pg/L), Co (5 png/L), Ni (0.5 pg/L), Cr (5 pg/L), Cu (50 pg/L),
Fe (5 pg/L), Mg (5 pg/L), Mn (1 pg/L), Na (5 pg/L), P (50 pg/L), Pb (1 pg/L), Se (2.5
pa/L), V (1 pg/L), Zn (1 pg/L). Calibration curves were created using six mixed
standards (0.5 to 500 pg/L) and a blank. Water produced by an Ultrapure Milli-Q™ (18

MQ*cm) system was used for all experiments, and tests were conducted in triplicate.
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4.3.3 FeSO4 Nucleation and Crystal Growth on a Polyethylene Surface

Because Fe was most abundant metal detected on pipes in the present study,
bench-scale experiments were conducted to determine if a plastic surface can allow Fe to
adsorb and act as a nucleation site. LDPE was chosen as the model plastic because it has
been used in plastic pollution metal adsorption studies®* %, was previously used for
European drinking water pipe manufacture**, and domestic and commercial irrigation
applications*. FeS04.7H20 and LDPE pellets were purchased from Sigma Aldrich.

Experiments were conducted by immersing LDPE pellets in supersaturated Fe
solutions for 48 hr. Solutions were prepared by dissolving FeSO4.7H20 in water at 60 °C
followed by filtration using 0.2 um PTFE syringe filters. Next, the clear solution was
cooled to 4 °C by refrigeration. After cooling, filtered supersaturated solution (1.5 mL) at
various concentrations was added to 2 mL glass vials, and four LDPE pellets were added
to each vial. The time required for crystals to form and be visually observed in solution
was recorded. At the conclusion of the experiment, crystals were analyzed using X-ray
powder diffraction (XRPD). A Rigaku SmartLab (XRD 6000) diffractometer (The
Woodlands, TX) with Bragg—Brentano mode was applied.

4.4 Result and Discussion
4.4.1 Pipe Visual and Oxidative Condition

Some, but not all, pipe sections were discolored. The service line pipe’s inner wall
discoloration was due to material deposited on the pipe surface. Coloring was removed
after exposing the inner pipe wall to a 2% HNOs solution exposure for 48 hr (Figure 4-
3). Yellow coloring was observed on the inner wall of each pipe exiting the three water
heaters. Coloring was more distinct on the pipe end closer to the brass fitting. After 10
days of exposing the pipe surfaces to 2% HNOs solution, the discoloration remained.

Coloring is hypothesized to be due to pipe oxidation similar to other studies*®.
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Figure 4-3 Images of (a) New and one year old PEX-a pipe service line and PEX pipes
connected to brass fitting at the water heaters, and (b) ATR-FTIR spectra of new PEX-a
(same brand) versus spectra for several exhumed PEX plumbing pipes. Outlet Tank 2
FTIR spectra was more similar to new PEX, than spectra for Outlet Tanks 1 and 3.

Pipes had a wide range of OIT values (antioxidant loadings), some pipes had
oxidized surfaces, and no obvious trends were found based on in-building location or

water temperature (Table 4-3). ATR-FTIR results showed that the surface of some,
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plastic pipes was oxidized. An absorption peak at 1263 cm™ (>C-O-C<) was observed for
pipes exiting the water heater tank 1 and tank 3 and at the basement cold location. The
>C-0O-C< functional group can be caused by chlorinated water exposure®. No similar
peak was detected for the pipe exiting water heater tank 2. The only pipes that contained
>C-O< stretch peaks were located at the water heater tank 3 and basement cold location
(1024 cm™ and 1100 cm?) (Figure 4-3). This functional group has also been attributed to
chlorinated water exposure®. Functional groups indicative of surface oxidation were not
detected on any other pipes. OIT and surface chemistry differences across pipes could be
due to varying degrees of chemical or microbiological attack*’, initial antioxidant
loading*®, antioxidant loss due to fixture water usage patterns, variability in pH and
disinfectant levels, and exposure temperature, and possibly oxidation caused by copper
present on the plastic pipe surface*®-! (Table 4-3). Because the new, unexposed PEX-A
pipe initially installed in the building was not available, the pipe’s oxidative condition at
the time of installation could not be evaluated. Study results show that PEX pipe surface
and bulk degradation, including discoloration, can occur during the first year of use, and
the degradation was not consistent based on pipe location or water temperature (cold vs.

hot water plumbing).

Table 4-3 Oxygen induction time (OIT) for plastic pipe samples

OIT (min) Location OI.T
Location (min)
Cold Hot
Tank 1, 65 °F 227
Service line 34+5 -
Water
Basement 16 +6 14+9 Heater | Tank 2, 85 °F 7+1
Tanks
1%t Floor 27+5 45+ 6
Tank 3, 100 °F 51+11
2" Floor 20+ 14 30+11

OIT values for new PEX-a pipes have ranged from 33.5 + 3.9 min“*’ to 34.3 + 4.9 min
(this study), oxidation induction time (OIT) is “a qualitative assessment of the level (or
degree) of stabilization of the material tested”*.
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4.4.2 Metal Loading on Pipes at the Water Heaters in Series

Since building owners installed three water heaters in series, metal loading for the
three pipes in this multi-heater system was examined. Plastic pipe inner walls were
characterized to identify the role of the water heaters on pipe metal loading. As water
temperature increased from the first to the third heater, pipe metal loading (i.e., Al, Cu,
Fe, Mn) and scale morphology differed. A greater amount of metal was found on the pipe
that exited the first water heater (43.2 mg/m?) and the least amount of metal was detected
on the pipe that exited the third water heater (3.4 mg/m?) (Figure 4-4a). The magnesium
coated water heater anode rod did not seem to influence metal loadings; Mg levels were
highest exiting the first heater (3.9 mg/m?) and lowest exiting the third heater (0.2
mg/m?). Pipe wall coverage and deposit morphology differed between the water heaters.
As Figure 4 shows, less pipe wall coverage but a greater number of spherical-like
deposits were found for the third water heater pipe. Temperature and water flow may

have influenced crystal structure formation, scale mass, and morphology®>°.

www.manaraa.com



98

50 Surface Loading
| Element| Outlet Outlet | Outlet | New
10 J Tank 1 Tank 2 Tank 3 PEX

Milligram Amounts of Metals (mg/m?)
Fe [265%23 ] 93+1.1 |03+00 | BDL
Mn | 54+03 | 1.9£0.1 | 1103 | BDL

30 Mg | 3.9%03 | 1.1£0.1 | 0.2+0.1 | BDL

Na | 21%04 | 1.4+0.2 | 1.0£0.1 [0.4%0.2

Cu | 1.7£03 | 1.0x01 | BDL | BDL

20 - Zn | 1.3+0.1 | 0.9+0.1 [1.2+0.0 | BDL

Al | 1.1£0.1 | 03£0.0 | 0.1£0.0| BDL

P | 1.0£02 | 05£00 | BDL | BDL

——

Total Metal Surface Loading (mg/m?)

10 4 Ca 04+0.1 BDL BDL BDL
Microgram Amounts of Metals (ug/m?)
|—r—| Co [423.0+35.3]550.4+86.7/43.4+2.4| BDL
0 Ni  [173.0+57.2|48.2+27.0| 7.8+15| BDL
Outlet Tank Outlet Tank Outlet Tank Pb  [87.0+20.4]59.3+3.8 [10.8+85| BDL
1 2 3 Se  |110.8+27 |34.1+24.1|12.7+17.9]10.7+£9.7

(a)

(b) Outlet Tank 1 ' Outlet Tank 2 Outlet Tank 3

Figure 4-4 (a) Total metal surface loading and (b) FESEM images of outlet pipe samples
at water heater tanks and their P and metals surface loadings, BDL: below detection limit
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4.4.3 The Most Abundant Metals Found on the Pipes: Water Heaters Not Included

For pipes removed from the plumbing periphery, the greatest metal loading was
found on the service line pipe (28.4 mg/m?) (Figure 4-5). Very hard water entered the
service line and this pipe had the greatest loading of Ca (1.6 = 0.2 mg/m?), Mg (0.6 + 0.0
mg/m?), Mn (5.9 + 0.4 mg/m?), as well as Pb (0.5 + 0.0 mg/m?). The whole-house water
softener removed cations before water entered the rest of the plumbing. Ca (BDL to 0.55
mg/m?), Mg (0.08 to 0.30 mg/m?), and Mn (0.1 to 1.51 mg/m?) loadings were found on
pipes located after the water softener (i.e., basement, 1% floor, 2" floor pipes). Pb was
detected on pipe segments throughout the house (BDL to 0.4 mg/m?). P is not a metal but
was at greatest abundance on the service line (2.3 + 0.1 mg/m?) and BDL to 1.35 mg/m?
throughout the house. P may be due to the water utility’s corrosion inhibitor. Zn was not
detected in water leaving the water treatment plant, but Zn plumbing pipe loading ranged
from 0.37 to 2.0 mg/m?.

OcCold
_}I +| o Hot
0

Service Line Basement  1stFloor  2nd Floor
Pipe Location

W
o
]

Total Metal Surface
Loading (mg/m?)
= N
(e) o

—t—

Figure 4-5 Total metal surface loading on cold and hot water pipe samples (mean and
standard deviation shown for digestions of three replicate pipe segments). Service line
did not have hot water, only cold water.

Metals detected on PEX hot water pipe surfaces on the 1% and 2" floors could
have originated from the 5 ft section of corroded galvanized iron pipe that conveyed hot

water from the basement to 1%t and 2" floors. Galvanized iron pipes are coated with Zn,
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contain Pb and Cd impurities, and can accumulate other metal species such as Pb% 57,
Excluding the three pipes that exited the water heaters, Fe was the most abundant metal
found on the other pipes (5 of 7 pipes) and Na was the second most abundant metal
detected (5 of 7 pipes) (Figure 4-6). The finding that Fe was the most abundant metal is
important and Fe could have originated from multiple sources. While Fe concentration
leaving the water treatment plant was only 0.05 mg/L, Fe loading on the pipe samples
varied by orders of magnitude (0.67 to 19.69 mg/m?). Water mains near the house were
ductile iron and PVVC. After the plumbing was replaced, building residents observed
brown water through the house and the utility attributed this discolored water event to
nearby water distribution system flushing. Additional work is needed to understand the
contribution of metals on plumbing pipe surfaces due to routine drinking water use and

poor water quality events caused by flushing.

4.4.4 Trace Metals Detected on Pipe Surfaces: Water Heater Not Included

Low quantities of other metals (ug/m?) were also detected. Excluding pipes that
exited each water heater tank, Se loading was greatest on the service line (98.1 £5.1
ug/m?), and its loading was less throughout the house: BDL (cold) and 44.9 + 40.7 pg/m?
(hot) at 1% floor, 18.0 + 12.7 pug/m? (cold) and 32.5 + 35.0 pg/m? (hot) 2" floor. Nickel
was detected on the service line, basement hot, basement cold, and 1% floor hot water
pipe at < 15.6 + 20.9 pg/m?. The 1% floor hot water pipe (150.7 + 19.1 pug/m?) contained
the greatest level of Co and its abundance varied through the building (BDL to 53.1
pg/m?).

Differences between metal loading on plastic pipes could be due to a number of
phenomena. Per the building owner, water usage frequency and water stagnation time
varied at various locations throughout the house. Metal loadings may be influenced by
water temperature, precipitation reactions, and the metal-plastic adsorption process. No
study was found that examined the effect of temperature on heavy metal adsorption onto

plastic pipe.
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Figure 4-6 Metal and phosphorous surface loadings on pipe samples (SL: Service Line, BS: Basement, 1F: 1 Floor, 2F: 2" Floor).
Horizontal lines show the detection limits: Fe 0.03 mg/m?, Na 0.03 mg/m?, Cu 0.33 mg/m?, Zn 0.01 mg/m?, P 0.33 mg/m?, Mn 0.01
mg/m2, Ca 0.33 mg/m?, Al 0.03 mg/m?, Pb 0.01mg/m?.
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4.4.5 Plastic Pipe Scale Microstructural and Surface Elemental Analysis

4.4.5.1 Differences in Scale Coverage through the Plumbing

Scale coverage and element composition differed across pipe samples throughout the
plumbing. For all pipes, C was the most abundant element detected and is due to the
plastic pipe’s organic nature. After C, Fe was the most frequently detected element for all
pipes (0.2 wt% to 8.8 wt%) except for the basement and 1% floor cold water pipes where
O abundance (7.6 wt%, 26.2 wt%) was greater than Fe (1.9 wt%, 7.2 wt%). Oxygen
could be due to the presence of inorganic oxides?. Mn was only detected on the 1% floor
and 2" floor hot water pipes. Cl was present on the service line, and basement, 1% floor,
2" floor hot water pipes. Na and Cu were found on 2™ floor cold water pipes, and Si was
only detected on 1% floor cold water pipe. XPS analysis of the service line pipe revealed
C, O, Si, Al, Ca, Cl, Fe, Mn, P and S. Differences between SEM-EDX and XPS results
could be due to XPS’s penetration depth (5 nm) compared to SEM-EDX (500 nm), and
the difference in method detection limits. Prior PVC water distribution pipe
characterization? using SEM-EDX revealed C, Cl, O, Pb and a very small percentage of
other metals.

Pipe scale morphology differed throughout the plumbing (Figure 4-7). For hot water
pipes, the scale area coverage was less than that of cold water pipes. Generally, most
solids except CaCOs are more soluble in warmer water. CaCOs pipe scale morphology
can be influenced by water temperature, water flow condition and water chemistry®*. In a
prior study, at temperature less than 30 °C and a supersaturated condition, compact
calcite layers were formed on the inner pipe surface. However for greater than 30 °C,
weak dendritic aragonite patterns formed on the pipe surface®. Additional work should
be considered to understand differences between pipe scale formation and composition in

plastic plumbing systems.
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New PEX Service Line Basement Cold 1st Floor Cold

10 pm

2nd Floor Cold Basement Hot 15t Floor Hot 2" Floor Hot

Figure 4-7 SEM scans of new PEX, service line and hot/cold water pipes at basement
(Laundry Faucet), 1% Floor (Kitchen Sink), 2" Floor (Lavatory Faucet)
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4.4.6 FeSO4 Nucleation and Crystal Growth on Polyethylene

Because field results showed that Fe accumulated on PEX pipes, the crystal
nucleation process was studied. Bench-scale results showed that the polyethylene surface
provided crystal nucleation sites, and expedited the crystal formation process (Table 4-4,
Figure 4-8). XRPD analysis revealed that FeSO4 crystals formed in solution in the
absence of LDPE. Also found was that the crystals, Melanterite (FeSO4.7H20), formed
on LDPE pellets suspended in the solution. Crystal formation was a function of initial
concentration, and crystals were not observed for the lowest concentration evaluated (400
mg/mL). A potential hypothesis is that the initial Fe species that adsorbed onto the LDPE
surface acted as a nucleation site for Fe crystal growth. Studies have shown that metal
atoms can associate with low energy polymer surfaces®® °°. These surfaces can include
surface impurities, attractive local arrangements of polymer chains or polymer terminal
groups. For example, CaCOs nucleation was facilitated through complexation between

Ca?* and carboxylic acid groups present on a grafted HDPE surface®°.

Table 4-4 Time required to visually recognize crystals in the samples

FeS04.7H.0 Time required for crystal formation
Concentration With LDPE pellet No LDPE pellet
(mg/mL)
400 No crystal after 48 hr No Crystal after 48 hr
600 Crystal formed after 1 hr No Crystal after 48 hr
700 Crystal formed < 1hr No Crystal after 24 hr
760 Crystal formed < 1hr 5 hr < Crystal formed > 24
hr
800 Crystal formed < 1hr Crystal formed < 1hr

Scale formation on plastic pipes has received limited study, but scale can increase
the pipe surface’s chlorine demand, facilitate bacterial regrowth and biofilm formation.
Heavy metals adsorbed to scale can be problematic because they can be released into
drinking water, cause discoloration, and result in conditions that exceed drinking water
standards * %%-%2, To better understand and predict drinking water metal levels, the

processes that control metal-plastic interactions should be further investigated.
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60 min 100 min 110 min 130 min

Figure 4-8 Crystal growth on new LDPE pellets over the time (FeSO4.7H20
concentration 760 mg/mL)
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4.5 Conclusion

Results of this study provide insight into metal scale formation for a one year old
residential PEX plumbing system. Heavy metals that have health based, treatment
technique based, and aesthetic drinking water standards such as Cu, Fe, Mn, Pb, and Zn
deposited onto the plastic pipes. Iron was the most abundant contaminant detected on
pipe surfaces. Metal loadings (mass/surface area) varied across in-building locations,
sometimes by metal type and orders of magnitude. Detection metal compounds on
residential plumbing pipe implies drinking water provided to the building can contribute
to pipe scales in residential buildings. Bench-scale studies with LDPE showed plastics
can act as nucleation sites for iron species. More research is needed to examine the
influence of water source characteristics, water distribution system materials, and water
temperature on metal deposition onto plastic materials. Metal release from plastic
plumbing materials should be investigated as a factor of water pH, organic content and
water flow conditions. As results of this study show, plastic drinking water pipes can
accumulate metals on their surface. To better understand and predict drinking water metal

levels, the processes that control metal-plastic interactions should be further investigated.
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LIMITATIONS AND FUTURE WORK

The limitations of this dissertation research and recommendations for future work
are briefly described.

Chapterl: Polyester composite water uptake and organic contaminant release

In this study inclusion of CNF into polyester composites enhanced water sorption
and organic contaminant release to water during the short exposure period (30 day).
Additional studies could be conducted to examine the impact of enhanced water sorption
on CNF-polyester composite mechanical and long-term durability properties. A
knowledge-gap found in the literature was that little information exist that describe
chemical leaching by FRP materials. The long-term water quality impacts caused by CNF
reinforced polyester composites to water quality should to be investigated.

Chapter2: Link between Fixture Water Use and Drinking Water Quality

Chemical and microbiological drinking water quality varied within a single family
residential plumbing system. The complexity observed in this plumbing system
mimicked the complexity of drinking water quality exhibited by large water distribution
systems. To better understand the carbon source in building drinking water, assimilable
organic carbon and biodegradable dissolved organic carbon analysis should be considered
in future work. Adsorption of organics, metals, and bacteria onto and release from
plumbing materials under different water chemistry, temperature, and flow conditions
may also have influenced study results and could be investigated in future work. The
plumbing product testing protocol used for the PEX piping that was installed currently
considers 16 hr and 24 hr stagnation periods but should be revised to account for worst-
case more realistic stagnation periods identified in the present work (72 hr).

While water flow at each fixture was measured with a one-second resolution,
many fewer drinking water chemical and bacteria measurements were conducted. To
better identify the relationships between fixture use and water quality more frequent
water chemical and microbiological analysis would be required. The authors propose
conducting more frequent water sampling over a short duration (1 week) and couple these

results with service line pressure and fixture flow monitoring for the development of
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integrated water quality-hydraulic plumbing models. This process has been implemented
to better design water distribution systems and should be considered for building
plumbing.

In the U.S., residential building plumbing is designed to deliver a certain volume
of water to fixtures based on number of building inhabitants. Factors such as drinking
water chemical and microbiological levels are not explicitly considered in plumbing
design. Future work should consider how different design characteristics (i.e., plumbing
designs for multi-story vs. long single story buildings) influence drinking water quality.
Identification and examination of plumbing branches to include residence time,
disinfectant decay, chemical leaching, and microbiological growth kinetics should be
considered. This information will be useful to better avoid lower-flow, hot spots of
degraded drinking water quality.

Chapter 3: Investigation of the Factors that Influence Lead Accumulation onto
Polyethylene

The influence of polymer aging, water chemistry, and aqueous Pb concentration
causing Pb deposition onto low density polyethylene (LDPE) were investigated. In this
study Pb precipitation over the time was tested under no oxygen condition and using the
ultrapure water, however in future the experimental conditions could be modified to be
more representative of tap water real characteristics. In this research due to our time
limitations we applied accelerated ozone aging method to oxidized LDPE surface.
However future research could investigate Pb precipitation kinetics onto LDPE aged with
chlorinated hot or cold water. Ozone aged LDPE chemical and physical properties could
be compared later with hot water chlorinated aged LDPE. The influence of plastic and
heavy metal type on precipitation kinetics could be investigated. Natural organic matter
(NOM) is known to form complexes with heavy metals present in water, the influence of
NOM type and concentration on heavy metal precipitation on plastic materials should be
examined. Future research should be conducted to examine the water quality parameters
and plastic surface characteristics which influence heavy metal release from new and
aged plastic materials.

Chapter 4: Accumulation of Metals in Plastic Drinking Water Plumbing Systems
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Results of this study provide insight into heavy metal scale formation for a one-
year-old residential PEX plumbing system. This study quantified the metal abundance
only for one building drinking water plumbing systems. More research needed to
examine the influence of water source characteristics, water distribution system materials
and water temperature on metal deposition abundance onto the plastic materials. Also
with increasing plastic pipe installation, additional work is needed to understand the
conditions that cause metal scale formation. Metal release from these plumbing materials

should be investigated as a factor of water pH, organic content and water flow conditions.
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APPENDIX A

METHODS

Contaminant Biodegradability Testing. A five day biochemical oxygen demand
(BOD:s) concentration was determined according to SM 5210B for water from the first
three day exposure period*®. BOD:s testing involved quantifying the amount of oxygen
consumed over a five day exposure period seeded with 24 h stabilized primary influent

from a local activated sludge wastewater treatment facility.

RESULTS

Results. TGA was utilized to quantify the components of each composite and
facilitate comparisons based on the mass of resin in each composite (Figure Al). TGA
scans were compared between two distinct groups: composites that contained glass fiber
and composites that did not contain glass fiber. Thermal decomposition of the P/O
resulted in a 0.012 mg/mg mass fraction residual char at 700 °C. The mass fraction of
glass fiber ranged from (0.36 to 0.40) mg/mg.

In the case of the P/CNF composite, the decrease in mass fraction at the ramp to
700 °C was approximately (0.006 + 0.002) mg/mg. This is approximately half the 0.01
mg/mg mass fraction expected from sample manufacture. The residual mass of the
P/CNF was 0.014 mg/mg mass fraction, similar to the P/O decomposition.
Thermogravimetric analysis showed the glass fiber composites contained approximately
0.62 mg/mg mass fraction of glass fiber. The P/GF/CNF composite had a smaller
detectable CNF mass fraction of (0.0007 + 0.0004) mg/mg. This was an order of
magnitude less than the 0.01 mg/mg mass fraction expected and the variation in CNF
content between samples was much higher. The CNF slightly oxidizes at 500 °C, but the
mass loss measured for raw CNF at 500 °C would not account for the missing CNF

material.
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Table A1 Composite Mass Loss Due to Water Desorption

Composite

P/O

P/GF

P/CNF

P/GF/CNF

Mass Loss%

-0.54 + 0.06

-0.16 £ 0.04

-0.59 + 0.08

-0.43+0.16

Table A2 TOC and COD Leaching Rates for the Studied Composites.

Contaminant

Composite and leaching Rate

(mg contaminant/L-mg resin-day)

P/O P/GF P/CNF P/GF/CNF
Total Organic Carbon
-0.0017 |-0.0002 |-0.0058 |-0.0024
(TOC)
Chemical Oxygen
Demand -0.0070 |-0.0008 |-0.0217 | -0.0048
(COD)

Table A3 Contaminant Biodegradability Indicators for Organic Contaminants Released
during the First Three Day Exposure Period.

Contaminant Biodegradability Indicators

Composite BODS5, COD/BOD5
mg/L Ratio
P/O 10.2 +5.2 75+3.6
P/IGF 14+0.7 8.9+4.6
P/CNF 9.1+5.2 70+26
P/GF/CNF 1.6+0.7 6.9+0.0

* Mean and standard deviation values shown for two replicate specimens.

Biodegradability of Organic Contaminants Released. A small fraction of the

organic contaminants released from each composite were biodegradable and no

difference was found between the biodegradability of the contaminants released from all
composites (Table 3A) based on the COD/BOD:s ratio. The COD/BOD:s ratio was applied
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because it has been used in the wastewater treatment industry to gauge the
biodegradability of organic compounds present in water. A wastewater or stormwater
which contains a large quantity of biodegradable material has a COD/BOD:s ratio
typically between 1 and 4%, BOD:s results and COD/BODs ratios for polyester
composites were in the order of magnitude of release characteristics for the same water
that contacted a polyurea stormwater pipe coating at 23 °C for three days (9.2 mg/L
BODs; 10.2 COD/BOD:s ratio)®!. Generally, contaminants released by each composite
were not readily biodegradable. CNF did not impact the biodegradability of contaminants

present in contact water.

Figure A1 SEM images of CNF fiber agglomerates in the different composites. (a), (b)
Large scale agglomerates found on the fracture surface of the P/CNF composite showing
the dense CNF bundles. (c), (d) Dense CNF bundles found within resin rich regions on
the top surface of the composite. These areas would have formed during the VARTM
processing as the resin moved through distribution media placed on the top of the glass

fiber mat.
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APPENDIX B

B.1.0 MATERIALS AND METHODS

B.1.1 Plumbing System Disinfection

After plumbing installation, the system (hot and cold water lines, and tanks) was
shock chlorinated with approximately 100 mg/L as Clz prepared in municipal tap water
and the solution stagnated for 24 hr. STERILENE™ was used for superchlorination and
the product was comprised of 60-100% C3sCl2N3sNaOs (Design Water Technologies, Inc;
Shorewood, MN)*8. Before superchlorination, the authors collected cold water samples
exiting the water softener, from the basement clothes washer hose valve, first floor
kitchen sink, and second floor bathroom sink. Water was analyzed for pH, temperature,
and free chlorine concentration. The first location where water samples could be
collected was immediately following the water softener. After superchlorination water
was flushed from the plumbing, municipal tap water stagnated for 18 hr. Then, water was
flushed for 30 min from all fixtures and the authors initiated the three month water

quality monitoring study.

B.1.2 Building Plumbing System

The hot water system included a recirculation pump that was operated only when
a building inhabitant physically pushed the hot water recirculation button in the upstairs
bathroom or underneath the kitchen sink. The recirculation pump withdrew water from
the fourth water heater and distributed it through the hot water lines that conveyed water
from the heater to the shower and/or kitchen sink, and then back to the water heater. The
recirculation pump shut-off when the pump inlet temperature was 4.4 to 5.5 degrees
Celsius greater than ambient temperature. All fixtures were new and are low-flow type.
Three 409 L [108 G] glass lined hot water storage tanks were installed with carbon steel
heat exchangers and magnesium coated anode rods. The fourth, electrically-driven, water
heater (151 L [40 G] capacity) had a magnesium coated anode rod. The large in-building
water storage volume was primarily designed to support the rooftop solar, thermal-
photovoltaic systems. While bypassing the three 409 L tanks to use only the 151 L tank

was possible, all water tanks were in operation during this study. At the water softener
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sampling point, water was flushed for approximately 3 min before a water sample was

taken. This action was taken to obtain fresh city water.

B.1.3 Water Quality Monitoring: Free Chlorine, pH, Alkalinity, TOC, UV2s4, Metal,
and gPCR Analysis

Free chlorine concentration was determined using a HACH® 131 Pocket
Colorimeter (DPD Free Chlorine). Water pH and temperature was measured using an
Orion Star A329 portable pH meter (Thermo Scientific). Water samples were collected in
1 L nitric acid washed amber vials for water quality analysis. Water samples for
inorganic analysis were first draw and collected in 15 mL polypropylene tubes. Alkalinity
concentration was determined by titration in accordance with Standard Method (SM)
2320B.* TOC concentration was measured using a Shimadzu TOC-L CPH/CPN in
accordance with USEPA method 415.1.° The instrument was calibrated from 0 to 75 mg
TOCI/L using HOOCCsH4COOK (r? 0.99). One 25 mL sample was removed from 1 L
bottle for TOC analysis. UV2s4 absorbance was measured using a CARY 300-Bio UV-
Vis Spectrophotometer in accordance with USEPA method 415.3. The TOC and UV2s4
limits of detection were 0.004 mg/L and 0.000 cm™, respectively. Specific Ultraviolet
Absorbance (SUVA) was calculated by dividing UV2s4 absorbance to TOC
concentration.

Metals were quantified by collecting water samples in 15 mL polypropylene
tubes, acidified using 2% HNOs, and were analyzed with a Perkin Elmer Elan-DRCE 11
Inductively Coupled Plasma Mass Spectrometer (ICP-MS). Water was analyzed for the
following metals: Al, Mn, Mg, Ca, Na, Fe, Zn, Cu, Pb, Cd, Cr, Co, As, Se, Ni, Be, V, Hg.
The instrument was calibrated using seven mixed standards and a blank (Table B3 and
B4).

Olfactory water properties were described using the TON Standard Method (SM),
2150B at 55 °C.* Ultrapure Milli-Q™ water (18Q) was used as an odor-free reference
water and also to dilute water samples. Prior to odor analysis, premise water samples
were dechlorinated with Na2S203. Approval for the human subject research was obtained
from the Institutional Review Board (IRB) at Purdue University. At least five participants

participated in each test.

www.manaraa.com



122

DNA was extracted from the membrane with the MO Bio PowerWater DNA
Isolation Kit (MO BIO Laboratories, Carlsbad, CA) according to the manufacturer’s
instructions. DNA extract yields and purities were quantified with a NanoDrop 2000c
UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). 16S rRNA genes
were amplified by gPCR using universal bacterial primers Eub338Fw
(5’ACTCCTACGGGAGGCAGCAG3’) and Eub518Rv
(5’ATTACCGCGGCTGCTGG3’).*" The total volume of each reaction was 20 pL, which
contained 10 pL 2X iTaq universal SYBR Green supermix (Bio-rad, Hercules, CA), 0.4
pL individual primer (10 puM), 2 uL of DNA templates, and 7.2 pL sterile nanopure
water. All reactions were performed in a CFX96 Real-time PCR detection system (Bio-
rad, Hercules, CA) with the following thermal conditions: an initial denaturation at 95 °C
for 3 min, followed by 40 cycles of 30 sec at 95 °C, 30 sec at 59.9 °C, and 30 sec at 72 °C.
Subsequently, melt curve analysis was performed by the increasing temperature from 65
°C to 95 °C. DNA templates, negative control (DNA template replaced by sterile
nanopure water), and 10-fold serial dilutions of standard were analyzed in triplicate per
gPCR experiment. The presence of only one peak in the melt curve, the authors
concluded non-specific amplification did not occur. For PCR analysis the water samples
were not diluted. Triplicate wells in every real-time PCR test was used and when the
coefficient of variation of triplicate wells was over 25%, the data was rejected.

B.1.4 Water Usage Calculations

Figure S1 describes the basis for these calculations. The recorded number of
usage events determined the fixture use frequency. The elapsed time since the last fixture
use event represented the stagnation time (Figure B1, B). As mentioned, there were some
missing records in the data, which required a modified approach for calculating the
maximum stagnation time and the average stagnation time over the duration of the study.
Because it is unknown whether there was usage during the missing records periods, they
were excluded from the analysis. Each continuous segment of missing records was
assigned an artificial event called missing records event (Figure B1, A). When a period
of non- usage fell between two missing records events (Figure B1, C), the stagnation
time was calculated only as the duration of the recorded non-usage period without

consideration of the missing records event. Similarly, when a period of non-usage was
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recorded between a missing records event and an actual usual event (Figure B1, D), only
the recorded period of non-usage was calculated as the stagnation time. Therefore, the
calculated stagnation time for the first event after a missing records event before a usage
event (Figure B1, D) might be considered shorter in duration than the actual stagnation
time. All the calculated stagnation times regardless of whether they were bounded by
missing records events (Figure B1, B, C, D) were included in the calculation of the
maximum stagnation time. However, the calculation of average stagnation time excluded
the stagnation times bounded by r the missing event records (Figure B1, C and D) to
avoid biasing the results towards shorter elapsed periods.
B.2.1 Flushing Superchlorinated Water from the Plumbing

Water samples collected from various fixtures at the completion of
superchlorination and before flushing out the superchlorinated water revealed slight
differences in water quality: pH: 6.6 to 6.8; temperature: 21 to 22 °C; Free chlorine: 74 to
110 mg/L as Clz; TOC: 13 to 22.5 mg/L (Table S5). A chlorinous odor was detectable at
all taps. Based on STERILINE chemical formula (C3sCI2N3sNaOs) and its concentration, it
was estimated that 9.8 to 16.4 m/L of carbon was added to the water by STERILINE
reagent used to create the superchlorinated water. Water collected exiting the water
softener, which was not superchlorinated, contained pH 7.3, 1.1 mg/L TOC, temperature
and chlorine level were 21.0 °C and 0.5 mg/L as Clz, respectively. Water pH, chlorine
and temperature were again characterized after water was allowed to sit for 18 hr and also

after flushing again for 30 min (Table B6).
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*Only used in calculating maximum Elapsed Time but not for the average.

Event Duration
Elapsed Time Elapsed Time Elapsed Time
Since Last Event Elapsed Time Since Last Event Since Last Event Since Last Event
! —
Actual Event Actual Event
A C A D B
: 2
—_— i Start iend i Start end
Artificial Missing : i :

Artificial Missing

Record Event Record Event

Figure B1 Defining Start/End, Elapsed time since last event, and duration of each event

25 O Day-3 8Day-15
B Day-30 ODay-60

20 - m Day-90

_ R

O 15 -

l_ —

]

8 10 -
5 thfh
0

Water Basement 1st Floor 2nd Floor Basement 1st Floor 2nd Floor
Softener  (Hot) (Hot) (Hot) (Cold) (Cold) (Cold)
Sampling Location
Figure B2 Odor monitoring results for hot and cold water samples at different exposure
periods. Results shown represent one water sample per fixture per sampling period. The
USEPA SMCL is 3 TON.
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Figure B4 Principal component analysis of plumbing water quality parameters

Table B1 Diameter and length of pipes present in the house

Pipe Type Diameter Length, m  Total Internal Surface Area, m?
(ID), cm

Cold 41.9 0.3
1.2

Hot 40.9 0.3

Cold 35.8 0.3
1.7

Hot 38.3 0.4

Total in home 156.9 1.3

Total Cold 7.7

Total Hot 79.2
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Table B2 Finished water quality reported by the local water treatment plant

Water Quality Value
pH 7.0-75
TOC (mg/L) nr
Alkalinity (mg/L as CaCOs3) nr

Ca 104.0
Mg 34.0
Mn 0.02

P nr

Zn nd

Al nd

Fe 0.05
Na 26.0
Pb nd”
Cu 0.564"
As 0.004
Cr nd-0.14 pg/L
Ni 0.005

90" percentile results; nd=not detected; nr=not reported
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Table B3 Standards used for ICP-MS analysis pg/L

128

Element (1) ) ®3) (4) () (6) (7)
Al 250 100 66.7 50 25 10 5
Cr 250 100 66.7 50 25 10 5
Pb 250 100 66.7 50 25 10 5
Se 125 50 33.3 25 12.5 5 2.5
As 125 50 33.3 25 12.5 5 2.5
Co 250 100 66.7 50 25 10 5
Mn 250 100 66.7 50 25 10 5
\Y 250 100 66.7 50 25 10 5
Be 25 10 6.7 5 2.5 1 0.5
Cu 250 100 66.7 50 25 10 5
Hg 12.5 5 3.4 2.5 1.25 0.5 0.25
Zn 250 100 66.7 50 25 10 5
Cd 250 100 66.7 50 25 10 5
Fe 125 50 33.3 25 125 5 2.5
Ni 125 50 33.3 25 12,5 5} 2.5
Table B4 Standards used for ICP-MS analysis mg/L
Element (1) (@) 3) 4) (5) (6)
Ca 150 120 100 75 60 30
Mg 50 40 333 25 20 10
Na 50 40 333 25 20 10
Zn 5 4 3.33 2.5 2 1
Fe 0.5 0.4 0.33 0.25 0.2 0.1
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Table B5 Water quality characteristics at the end of superchlorination and before flushing

Location Water Free chlorine, Temperature, TOC, mg/L
pH mg/L as Cl, °C

Service Line 7.35 0.5 21.0 1.1+0.1

Basement 6.68 92 21.9 222+04

1%t Floor 6.63 92 21.4 21.1+0.6

2"d Floor 6.84 110 21.2 21.0+0.8

Table B6 Water quality characteristics for basement water samples at day 0 before and

after flushing

Water Quality
Location -
Free chlorine, o TOC,

Water pH mg/L Temp, °C mg/L
Flushing | Before After | Before  After | Before After Before
Basement | 7.29 7.94 1.3 0.9 21.3 17.1 0.68
Cold
Basement | 7.22 7.92 1.2 1.0 21.9 38.2 0.72
Hot
Water 7.3 0.9
heater
tank
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Table B7 Water pH at different fixtures and exposure durations

15d 30d 60d 90d

Location / Exposure Duration 3d

Soften Water 7.61 7.57
Basement 7.73 7.64

Cold 1st-Floor 746 7.47
2nd-Floor 7.64 7.47
Basement 7.42 7.58

Hot 1st-Floor 742 7.43
2nd-Floor 7.62 7.43

7.31
7.31
7.40
7.29
7.37
7.35
1.27

7.95
7.14
7.99
7.59
7.17
7.63
7.64

7.75
7.52
7.84
7.76
7.72
7.81
7.72

Table B8 Water alkalinity at different fixtures and exposure durations

cocation /- EXPOSUT® | 34 15q  30d  6od  90d
Soften Water 2850 270.0 280.0 280.0 2837
Basement 2825 2675 2775 270 2787
Cold | 1st-Floor 2850 276.2 2750 280.0 265.0
2nd-Floor 2850 2825 270.0 2725 2475
Basement 2700 2800 2725 2675 2800
Hot 1st-Floor 2650 2775 2750 280.0 2762
2nd-Floor 2800 2750 2600 2650 2775
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Table B9 Water free chlorine concentration, mg/L

LOCAUONEXpOSUre 134 154 30d  60d  90d
Soften Water 0.4 1.0 1.4 1.1 1.6
Basement 0.3 nd 0.2 0.2 0.4
Cold  1st-Floor 0.3 0.1 1.3 0.7 0.6
2nd-Floor 0.5 0.3 08 03 0.2
Basement 0.3 nd 0.6 0.3 0.3
Hot 1st-Floor 0.2 0.3 1.1 0.5 1.1
2nd-Floor 0.6 0.1 0.8 0.4 0.3

nd: not detected

Table B10 Statistical significance of exposure duration, location and water temperature
for TOC, UV2s4 and SUVA levels

TOC mg/L UV2s4 SUVA, L-
Effect Eactor Absorb?nce cm mg/M

Sig? p Sig? p Sig? p
Exposure Duration | Yes | <0.005 | Yes <0.001 Yes | <0.001
Main Effect Location No 0.186 Yes <0.001 Yes | <0.001
Hot/Cold No 0.322 Yes <0.001 Yes | <0.001
Time and Location No 0.787 Yes <0.001 Yes | <0.001
Time and Hot/Cold No 0.279 Yes <0.001 Yes | <0.001

Interaction Location and No 0.132 Yes <0.001 No 0.863
Effects Hot/Cold
Location & No 0.730 Yes <0.001 Yes | <0.001

Hot/Cold & Time
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Table B11 Specific UV Absorbance (SUVA) values, L-mg/M

Location/Exposure

Duration 3d 15d 30d 60d 90d
Soften Water 34+07 2701 53+00 12+00 11+0.0
Basement |38+03 08+00 14+00 11+00 05+0.0
Cold  1st Floor 3601 11+01 29+00 12+00 09x0.0
2nd Floor |26+02 13%+02 52+01 02+£0.0 06£0.0
Basement |2.7+0.2 08+01 16%x00 05%x0.0 1.1+0.0
Hot 1st Floor 27+01 11+01 25+00 09+00 11+0.0
2nd Floor [3.0+08 12+01 30+£00 09+£01 0.7£0.0
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Table B12(a) Correlation between water quality parameters

16S HPC Zn Fe Pb Cu Cr Cd
16S rRNA  Pearson Corr. | 1.000 0.259 0.022 -0.054 | -0.019 | -0.049 | 0.008 0.070
p-value - 0.133 0.900 0.759 0.914 0.782 0.962 0.691
HPC Pearson Corr. | 0.259 1.000 0.151 -0.037 -0.037 0.004 0.014 -0.049
p-value 0.133 - 0.387 0.833 0.833 0.983 0.936 0.782
Zn Pearson Corr. | 0.022 0.151 1.000 0.781 0.343 0.556 0.632 0.569
p-value 0.900 0.387 - 0.000 0.044 0.001 0.000 0.000
Fe Pearson Corr. | -0.054 -0.037 0.781 1.000 0.143 0.221 0.837 0.066
p-value 0.759 0.833 0.000 - 0.414 0.203 0.000 0.707
Pb Pearson Corr. | -0.019 | -0.037 | 0.343 0.143 1.000 0.398 0.146 0.399
p-value 0.914 0.833 0.044 0.414 - 0.018 0.403 0.018
Cu Pearson Corr. | -0.049 | 0.004 0.556 0.221 0.398 1.000 0.105 0.551
p-value 0.782 0.983 0.001 0.203 0.018 - 0.549 0.001
Cr Pearson Corr. | 0.008 0.014 0.632 0.837 0.146 0.105 1.000 0.035
p-value 0.962 0.936 0.000 0.000 0.403 0.549 - 0.843
Cd Pearson Corr. | 0.070 -0.049 | 0.569 0.066 0.399 0.551 0.035 1.000
p-value 0.691 0.782 0.000 0.707 0.018 0.001 0.843 -
Ni Pearson Corr. | -0.033 | -0.054 | 0.227 -0.004 | 0.782 0.572 0.055 0.382
p-value 0.851 0.758 0.190 0.981 0.000 0.000 0.754 0.023
Al Pearson Corr. | 0.027 0.004 -0.146 0.033 -0.164 0.100 -0.092 -0.074
p-value 0.878 0.980 0.402 0.849 0.346 0.569 0.600 0.672
Se Pearson Corr. | -0.009 | 0.030 -0.044 | -0.040 | -0.230 | -0.114 | 0.323 -0.008
p-value 0.957 0.866 0.803 0.818 0.184 0.516 0.059 0.964
Mn Pearson Corr. | -0.123 | -0.093 | 0.437 0.749 0.140 -0.022 | 0.688 -0.066
p-value 0.480 0.595 0.009 0.000 0.424 0.900 0.000 0.708
Ca Pearson Corr. | -0.230 | -0.198 | 0.208 0.224 0.360 0.331 0.107 0.027
p-value 0.184 0.254 0.230 0.197 0.034 0.052 0.539 0.876
Mg Pearson Corr. | -0.095 -0.122 -0.055 | 0.030 0.004 0.316 -0.097 -0.054
p-value 0.587 0.484 0.755 0.862 0.983 0.064 0.580 0.756
Na Pearson Corr. | -0.221 -0.191 0.196 0.229 0.305 0.246 0.137 0.080
p-value 0.202 0.272 0.260 0.186 0.075 0.155 0.432 0.648
pH Pearson Corr. | -0.220 | 0.148 -0.054 | 0.032 -0.168 -0.067 0.220 -0.239
p-value 0.190 0.396 0.759 0.857 0.334 0.701 0.205 0.167
Free Chlorine  Pearson Corr. | -0.143 -0.097 -0.405 -0.206 -0.158 -0.404 -0.098 -0.300
p-value 0.400 0.578 0.016 0.236 0.365 0.016 0.575 0.080
Water Volume  Pearson Corr. -0.085 -0.061 -0.199 -0.066 -0.103 -0.365 0.196 -0.277
p-value 0.629 0.728 0.252 0.708 0.556 0.031 0.258 0.107
Odor Pearson Corr. | -0.077 | 0.145 0.191 0.023 0.179 -0.019 | 0.007 0.225
p-value 0.652 0.406 0.272 0.894 0.304 0.912 0.967 0.194
Alkalinity Pearson Corr. | -0.040 | 0.114 0.217 0.130 0.023 0.114 0.171 0.018
p-value 0.814 0.514 0.210 0.456 0.898 0.515 0.325 0.917
SUVA Pearson Corr. | -0.209 | -0.094 | -0.275 | -0.198 | 0.016 -0.236 | -0.211 | -0.128
p-value 0.214 0.590 0.109 0.253 0.929 0.173 0.223 0.464
TOC Pearson Corr. | 0.337 0.111 0.070 0.026 -0.047 0.062 -0.016 0.131
p-value 0.041 0.525 0.688 0.880 0.789 0.722 0.927 0.453
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Table B12(b) Correlation between water quality parameters
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Free Water
Mn Ca Mg Na pH Chlorine | Volume
16S Pearson Corr. -0.123 -0.230 -0.095 -0.221 -0.220 -0.143 -0.085
o p-value 0.480 0.184 0.587 0.202 0.190 0.400 0.629
HPC Pearson Corr. -0.093 -0.198 -0.122 -0.191 0.148 -0.097 -0.061
p-value 0.595 0.254 0.484 0.272 0.396 0.578 0.728
Zn Pearson Corr. 0.437 0.208 -0.055 0.196 -0.054 -0.405 -0.199
p-value 0.009 0.230 0.755 0.260 0.759 0.016 0.252
Fe Pearson Corr. | 0.749 0.224 0.030 0.229 0.032 -0.206 -0.066
p-value 0.000 0.197 0.862 0.186 0.857 0.236 0.708
Pb Pearson Corr. | 0.140 0.360 0.004 0.305 -0.168 -0.158 -0.103
p-value 0.424 0.034 0.983 0.075 0.334 0.365 0.556
Cu Pearson Corr. -0.022 0.331 0.316 0.246 -0.067 -0.404 -0.365
p-value 0.900 0.052 0.064 0.155 0.701 0.016 0.031
Cr Pearson Corr. 0.688 0.107 -0.097 0.137 0.220 -0.098 0.196
p-value 0.000 0.539 0.580 0.432 0.205 0.575 0.258
Cd Pearson Corr. -0.066 0.027 -0.054 0.080 -0.239 -0.300 -0.277
p-value 0.708 0.876 0.756 0.648 0.167 0.080 0.107
Ni Pearson Corr. -0.116 0.354 -0.035 0.371 0.048 -0.255 -0.151
p-value 0.506 0.037 0.842 0.028 0.786 0.139 0.386
Al Pearson Corr. | 0.156 -0.001 0.550 0.246 -0.351 0.004 -0.321
p-value 0.371 0.995 0.001 0.155 0.039 0.982 0.060
Se Pearson Corr. -0.107 -0.442 -0.354 -0.460 0.464 0.187 0.685
p-value 0.540 0.008 0.037 0.005 0.005 0.283 0.000
Mn Pearson Corr. 1.000 0.264 0.121 0.260 -0.120 0.190 0.096
p-value - 0.126 0.490 0.132 0.493 0.275 0.584
Ca Pearson Corr. 0.264 1.000 0.616 0.794 -0.299 -0.262 -0.307
p-value 0.126 - 0.000 0.000 0.081 0.128 0.073
Mg Pearson Corr. 0.121 0.616 1.000 0.353 -0.438 -0.083 -0.306
p-value 0.490 0.000 - 0.038 0.009 0.634 0.074
Na Pearson Corr. | 0.260 0.794 0.353 1.000 -0.237 -0.304 -0.396
p-value 0.132 0.000 0.038 - 0.170 0.075 0.019
pH Pearson Corr. -0.120 -0.299 -0.438 -0.237 1.000 0.037 0.316
p-value 0.493 0.081 0.009 0.170 - 0.829 0.065
Free Pearson Corr. | 0.190 -0.262 -0.083 -0.304 0.037 1.000 0.626
Chlorine
p-value 0.275 0.128 0.634 0.075 0.829 - 0.000
Water Pearson Corr. 0.096 -0.307 -0.306 -0.396 0.316 0.626 1.000
o p-value 0.584 0.073 0.074 0.019 0.065 0.000 -
Odor Pearson Corr. -0.015 0.100 -0.334 0.284 0.196 -0.160 -0.190
p-value 0.931 0.569 0.050 0.098 0.244 0.345 0.275
Alkalinity  Pearson Corr. | 0.203 0.235 -0.047 0.197 0.255 -0.040 0.231
p-value 0.243 0.175 0.789 0.255 0.127 0.815 0.182
SUVA Pearson Corr. | 0.185 0.439 0.250 0.480 -0.270 0.366 0.002
p-value 0.286 0.008 0.147 0.004 0.106 0.026 0.990
TOC Pearson Corr. -0.175 -0.539 -0.166 -0.505 0.033 -0.073 -0.057
p-value 0.316 0.001 0.339 0.002 0.846 0.667 0.744
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Table B12(c) Correlation between water quality parameters
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Ni Al Se Odor Alkalinit ~ SUVA TOC
16S rRNA  Pearson Corr. -0.033 0.027 -0.009 -0.077 -0.040 -0.209 0.337
p-value 0.851 0.878 0.957 0.652 0.814 0.214 0.041
HPC Pearson Corr. -0.054 0.004 0.030 0.145 0.114 -0.094 0.111
p-value 0.758 0.980 0.866 0.406 0.514 0.590 0.525
Zn Pearson Corr. 0.227 -0.146 -0.044 0.191 0.217 -0.275 0.070
p-value 0.190 0.402 0.803 0.272 0.210 0.109 0.688
Fe Pearson Corr. -0.004 0.033 -0.040 0.023 0.130 -0.198 0.026
p-value 0.981 0.849 0.818 0.894 0.456 0.253 0.880
Pb Pearson Corr. 0.782 -0.164 -0.230 0.179 0.023 0.016 -0.047
p-value 0.000 0.346 0.184 0.304 0.898 0.929 0.789
Cu Pearson Corr. 0.572 0.100 -0.114 -0.019 0.114 -0.236 0.062
p-value 0.000 0.569 0.516 0.912 0.515 0.173 0.722
Cr Pearson Corr. 0.055 -0.092 0.323 0.007 0.171 -0.211 -0.016
p-value 0.754 0.600 0.059 0.967 0.325 0.223 0.927
Cd Pearson Corr. 0.382 -0.074 -0.008 0.225 0.018 -0.128 0.131
p-value 0.023 0.672 0.964 0.194 0.917 0.464 0.453
Ni Pearson Corr. 1.000 -0.199 -0.098 0.177 0.042 -0.062 -0.089
p-value - 0.252 0.576 0.309 0.809 0.722 0.611
Al Pearson Corr. -0.199 1.000 -0.312 -0.243 -0.187 0.116 0.128
p-value 0.252 - 0.068 0.160 0.281 0.508 0.463
Se Pearson Corr. -0.098 -0.312 1.000 -0.192 0.018 -0.285 0.177
p-value 0.576 0.068 - 0.269 0.917 0.098 0.310
Mn Pearson Corr. -0.116 0.156 -0.107 -0.015 0.203 0.185 -0.175
p-value 0.506 0.371 0.540 0.931 0.243 0.286 0.316
Ca Pearson Corr. 0.354 -0.001 -0.442 0.100 0.235 0.439 -0.539
p-value 0.037 0.995 0.008 0.569 0.175 0.008 0.001
Mg Pearson Corr. -0.035 0.550 -0.354 -0.334 -0.047 0.250 -0.166
p-value 0.842 0.001 0.037 0.050 0.789 0.147 0.339
Na Pearson Corr. 0.371 0.246 -0.460 0.284 0.197 0.480 -0.505
p-value 0.028 0.155 0.005 0.098 0.255 0.004 0.002
pH Pearson Corr. 0.048 -0.351 0.464 0.196 0.255 -0.270 0.033
p-value 0.786 0.039 0.005 0.244 0.127 0.106 0.846
Free Pearson Corr. -0.255 0.004 0.187 -0.160 -0.040 0.366 -0.073
o p-value 0.139 0.982 0.283 0.345 0.815 0.026 0.667
Water Pearson Corr. -0.151 -0.321 0.685 -0.190 0.231 0.002 -0.057
o p-value 0.386 0.060 0.000 0.275 0.182 0.990 0.744
Odor Pearson Corr. 0.177 -0.243 -0.192 1.000 0.149 0.148 -0.243
p-value 0.309 0.160 0.269 - 0.379 0.382 0.147
Alkalinity  Pearson Corr. 0.042 -0.187 0.018 0.149 1.000 0.085 -0.067
p-value 0.809 0.281 0.917 0.379 - 0.618 0.693
SUVA Pearson Corr. -0.062 0.116 -0.285 0.148 0.085 1.000 -0.217
p-value 0.722 0.508 0.098 0.382 0.618 - 0.197
TOC Pearson Corr. -0.089 0.128 0.177 -0.243 -0.067 -0.217 1.000
p-value 0.611 0.463 0.310 0.147 0.693 0.197 --
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Table B13 Drinking water Ni and Mn concentrations at different fixtures and exposure
duration

Location Ni, pg/L Mn, pg/L

Exposure, days 3d 15d 30d 60d 90d [3d 15d 30d 60d 90d

Soften Water 31 35 3.2 5.6 30 |111 54 37 20 <5

Basement 3.2 467 3.0 7.8 84 [59 <5 <5 <5 <5
Cold | 1st Floor 13.1 6.7 44 4.8 30 |104 <5 269 <5 <5
2nd Floor 229 40 41 4.8 44 (<5 54 <5 <5 <5

Basement 34 58 3.7 7.3 48 [11.3 599 135 <5 <5
Hot | 1st Floor 33 144 7.2 4.8 31 [139 <5 255 6.1 <5
2nd Floor 238 44 4 4.1 42 (87 52 <5 <5 <5
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Table B14 Drinking water Ca, Mg, Na concentrations at different fixtures and exposure durations

Location/ Ca, mg/L Mg, mg/L Na, mg/L
Exposure

d3 d-15 d-30 d-60 d-90 [d-3 d- d d d- |d3 d- d- d- d-
15 30 60 90 15 30 60 90
Soften Water 1249 1351 1199 983 89.0 (379 441 398 36.7 345(384 319 296 275 255
Basement | 123.7 127.5 1135 100.7 100.7 (37.1 385 38.7 36.3 36.6|375 375 29.2 28.0 28.0
Cold | 1% Floor 117.3 1249 107.1 995 945 |38.6 421 39.6 383 354|388 315 333 289 271
2" Floor 126.2 123.7 1135 102 932 |375 412 410 388 373|391 365 343 29.0 27.8
Basement |108.4 1249 1122 995 965 [39.1 389 405 378 37.1(389 373 339 280 273
Hot | 1% Floor 1249 1186 1109 995 934 |37.0 410 398 37.7 355|375 315 331 28.0 273
2" Floor 123.7 121.1 109.7 98.3 100.7|37.4 419 403 37.3 384|384 365 339 274 282
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Table B15 Drinking water Cr, Al, Se concentrations at different fixtures and exposure duration

L ocation/ Cr, pg/LL Al, pg/LL Se, pg/L

Exposure 3d 15d 30d 60d 90d [d3  di5 d30 d60 d90 [d3 d15 d30 de0 d9o

Soften Water nd nd nd 197 nd |nd <5 <5 nd nd [29 3 31 6.7 55
Basement | <5 <5 nd nd nd |nd <5 14 nd nd (34 31 36 36 35

Cold | 1st Floor nd nd nd nd nd |11.7 <5 166 102 nd |32 39 26 45 39
2nd Floor (nd nd nd nd nd |nd 157 162 74 80 (31 3 35 33 44
Basement | <5 31.0 nd <5 <5 [185 85 175 6.7 70 |37 34 3 35 3.7

Hot | 1st Floor nd nd nd nd nd |nd 517 178 89 nd |34 47 28 33 3
2nd Floor (6.7 nd nd nd nd |nd 157 162 7.4 90 |33 28 32 35 36
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Table B16 Bacterial gene copy numbers and HPC Results

Location ;Bamye) Gene Copy Numbers/mL HPC (CFU/mL)
3 577 +£2.04 NA?
Water 15 20.99 + 7.58 1
Softener 30 15.83 + 6.04 0
60 46.94 £ 7.17 0.0013 £ 0.0013
90 31.64 +11.62 0.2490 £ 0.0468
0 3.85+1.03 NA
Basement 3 15.44 + 5.50 NA
Cold 15 598 + 1.97 0
Water 30 9.50 + 5.86 0.0480 £ 0.0140
60 309.44 £ 68.41 0.0013 £ 0.0013
90 100.98 + 34.13 0.3727 £ 0.1294
0 6.86 + 1.84 NA
3 2707.01 + 682.04 NA
Basement 15 49.09 £ 11.69 NA
Hot Water 30 4469.44 + 1074.25 NA
60 74002.44 + 16231.31 0.3267 £ 0.1386
90 22509.20 + 1947.79 856.6667 + 40.9607
1st Eloor 3 7.39 +2.36 NA
Kitchen 15 15.99 + 10.51 0.0010
Cold 30 10.01 £ 5.02 0
\Water 60 18.47 +5.72 0
90 313.67 £48.19 0.1100 £ 0.0519
3 149.95 + 33.33 NA
1st Floor 15 8.89+£5.26 NA
Kitchen 30 6.60 + 2.23 0.0160 £ 0.0080
Hot Water 60 16.37 + 3.47 0.2553 £ 0.1266
90 1115.17 £ 284.54 0.8667 £ 0.5041
2nd Eloor 3 527 +1.52 NA
Bathroom 15 2.67 +0.88 0
Cold 30 5.08+1.10 0.0010 £ 0.0010
\Water 60 8.24 £0.84 0
90 597.61 + 104.89 0.0660 + 0.0065
3 6.40 + 3.19 NA
2nd Floor 15 7.08 £341 0.0070
Bathroom 30 38.42 +15.00 0.0120 £ 0.0120
Hot Water 60 203.17 £ 26.90 0.0840 £ 0.0462
90 7422.21 +828.21 0.4167 £ 0.0678

NA: not available. No HPC tests were performed on day 0 and day 3 at all

locations, and on day 15 at some locations.
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Table B17 Correlation analysis between bacterial gene copy numbers and TOC levels

Pearson's correlation

Sample location coefficients p
Water Softener 0.83 0.08
Basement Cold Water 0.63 0.18
Basement Hot Water 0.55 0.25
1st Floor Kitchen Cold
Water 0.82 0.09
1st Floor Kitchen Hot
Water -0.15 0.81
2nd Floor Bathroom Cold
Water 0.82 0.09
2nd Floor Bathroom Hot
Water 0.81 0.10

Table B18 Water usage parameters correlation with TOC and bacterial concentrations,
threshold for correlation was considered as 0.50

Correlation with TOC Correlation with Bacterial
) Concentration
Fixture
Number | Total Average | Number | Total | Average
of Volume | Elapsed of Volume | Elapsed
Events Time Events Time
Whole House Water
Softener 0.84 0.81 0.63 0.97 0.93 0.47
Basement Cold 0.89 0.11 0.61 0.41 0.51 0.19
Basement Hot 0.71 -0.13 0.87 0.22 -0.28 0.50
1% Floor Cold 0.85 0.75 0.21 0.34 0.21 0.01
1% Floor Hot 0.68 0.52 0.86 0.36 0.39 0.03
2" Floor Cold 0.64 0.53 0.75 0.12 -0.06 0.67
2" Floor Hot 0.83 0.84 -0.03 0.07 0.85 0.09
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APPENDIX C

Table C1 The chemical equilibrium and constant used to determine Pb speciation
(Brezonic & Arnold, 2011)

Chemical Equilibrium Equilibrium Constant
Pb?* + H,0 & PbOH* + H* logB; = —7.597
Pb** + 2 H,0 & Pb(OH); (5q) + 2H* logB; = —19.988
Pb%* + 2 H,0 < Pb(OH)3 + 3H* logB} = —28.091
Pb%* 4+ 2H,0 < Pb(OH)?™ + 4H* logB% = —39.699
Pb(OH); (s) + 2 H* & Pb%* + H,0 K: =8.15

Ozone Generator

Ozone Out

Oxygen In I_t

Plastic

Ozone In

Figure C1 The schematic outline of ozonation setup
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Figure C2 ATR-FTIR spectra for new LDPE pellet and 10 hr aged LDPE sheet, pellet
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Figure C5 ATR-FTIR spectra of aged LDPE and aged LDPE exposed to pH 11
water for 5 days

0 Water pH
2
-4
[Pb?*] [Pb(OH)2]
6 ® * * * *
,§ O NG
S okt N
foq . _ Phar
‘gn-lz L
- Pd
-14 ,K R4
[PbOH):] (ad) &7 o
16 . 7 e [Pb(OH)4*
-18 A /,
/ -
o < A [PhoA)s
2 3 4 5 6 7 8 9 10 11 12

Figure C6 Log Pb species concentration versus water pH, [Pb]t=300 ug/L, no oxygen,
room temp
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Figure C7 Aqueous Pb concentration versus Total Pb concentration at pH 7.8 and 11
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Figure C8 Influence of TOC concentration on Pb surface loading (aged LDPE, pH 7.8,
after 48 hr)
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Figure C9 ATR-FTIR spectra of New, 5 hr and 10 hr aged LDPE films
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