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Abstract: In this pilot study, a modified sampling protocol was evaluated for the detection of lead
contamination and locating the source of lead release in a simulated premise plumbing system with
one-, three- and seven-day stagnation for a total period of 475 days. Copper pipes, stainless steel
taps and brass fittings were used to assemble the “lead-free” system. Sequential sampling using
100 mL was used to detect lead contamination while that using 50 mL was used to locate the lead
source. Elevated lead levels, far exceeding the World Health Organization (WHO) guideline value
of 10 pg- L1, persisted for as long as five months in the system. “Lead-free” brass fittings were
identified as the source of lead contamination. Physical disturbances, such as renovation works,
could cause short-term spikes in lead release. Orthophosphate was able to suppress total lead
levels below 10 pg- L1, but caused “blue water” problems. When orthophosphate addition was
ceased, total lead levels began to spike within one week, implying that a continuous supply of
orthophosphate was required to control total lead levels. Occasional total lead spikes were observed
in one-day stagnation samples throughout the course of the experiments.
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1. Introduction

Lead is a toxic metal with a Maximum Contaminant Level Goal (MCLG) of zero mg/L; no amount
of lead consumed is safe for human health. There is no reference dose (RfD) provided by the United
States Environmental Protection Agency (USEPA) Integrated Risk Information System (IRIS) based
on the same reason. Ingestion of lead can cause serious gastrointestinal and neurological problems,
especially in children and fetuses [1-3]. To safeguard public health, the use of lead pipes in the
distribution system has been banned since the 1980s in many countries. For example, lead pipes were
banned in the US under the Safe Drinking Water Act in 1986 [4], followed by the implementation of
the Lead and Copper Rule (LCR) in 1991, which set an action level for lead at 0.015 mg/L [5]. It is
important to note that the action level is not a health-based standard, but a regulatory standard which
triggers water utility actions when the 90th percentile exceeds the action level. The guideline value for
lead in drinking water set by the World Health Organization (WHO) is 0.01 mg/L [6].

Although lead pipes are no longer installed in new systems, many older districts still contain
lead service lines or leaded solders in their distribution systems [7-11]. Recent cases of elevated lead
in tap water in cities without lead pipes have been attributed to galvanic corrosion of lead /copper
coupling and metal alloys such as brass. In 2006, tap water in Durham, North Carolina, was found to
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contain more than 800 ug/L lead despite having no lead pipes in the system [12]. The source of lead
was traced to a lead solder and the release of hazardous levels of lead was attributed to a change in
coagulant from aluminum sulfate to ferric chloride in the water treatment plant. This change of the
coagulant increased the chloride-to-sulfate mass ratio (CSMR) and enhanced galvanic corrosion of the
lead solder [13]. Anion exchange for arsenic and organic anion removal, which releases chloride to the
treated water, can also result in a high CSMR, increasing the corrosion potential for lead [14]. However,
recent studies reported higher lead release at higher chloride and sulfate concentrations at a constant
CSMR, indicating that the CSMR may not be a good indicator for lead corrosivity in water [14,15].

Galvanic corrosion also occurs during partial lead pipe replacements with copper pipes [7] and
in brass materials, which are commonly found in premise plumbing systems [16,17]. In effect from 4
January 2014, the definition of “lead-free” by the USEPA has been revised to not more than a weighted
average of 0.25% lead in wetted surface [18], but this regulation does not affect plumbing materials
already in use, which followed the old “lead-free” definition that allows up to 8% lead by mass [4].
Lead is used in small amounts (<8% lead by mass) in brass manufacturing to increase machinability
and make casting pressure tight by sealing the voids created during cooling [19]. Lead can also be
present in brass as a contaminant from the recycling of materials [20]. Elfland et al. [17] showed that
certified ball valves could contain a significantly higher lead mass ratio on the surface than in the
whole valve.

Under the LCR, the first-draw 1-L samples after a stagnation period of at least 6 h are collected by
customers at the point of use [21]. This approach can detect lead release within the household, but
it does not detect lead release in lead service lines (LSLs) [22]. In Europe, large numbers of random
daytime (RDT) samples (without stagnation) and samples taken after a fixed stagnation time of 30 min
were collected to provide a reasonable estimate of the average lead concentration at the tap [23,24].
However, RDT sampling is not reproducible and a large number of samples would be required to
gauge the effectiveness of corrosion control [25]. In Canada and France, sampling is conducted by
trained technicians with a stagnation time of 30 min [26,27].

In Singapore, there is no lead pipe or lead solder in the drinking water distribution system. Brass
fittings are, however, commonly found in premise systems in many households. Brass fittings have
been reported to be potential lead sources in works by Kimbrough [16] and Elfland et al. [17]. In this
study, a simulated premise plumbing system was built using locally (Singapore) available plumbing
materials to investigate lead release from “lead-free” plumbing materials. Particularly, the objectives
are to identify any potential lead sources of the “lead-free” system using a modified sampling method
and to evaluate the effectiveness of using orthophosphate for lead release control. The practicability
and relevance of orthophosphate addition in premise plumbing system will also be discussed.

2. Materials and Methods

2.1. Simulated Premise Plumbing System

To determine whether lead contamination in drinking water will occur in a “lead-free” premise
plumbing system, a typical premise system was built using locally (Singapore) purchased materials
as shown in Figure 1. In Singapore, all water fittings used shall conform with the standards and
requirements stipulated by the Public Utilities Board (PUB) and their use shall conform to the Public
Utilities (Water Supply) Regulations and Singapore Standard Code of Practice (CP) 48. A water
fitting shall be deemed to comply with the stipulated standards if it is certified by an accredited
product certification body. All metallic material in contact with water shall comply with the test on
extraction of metals of AS/NZS 4020:2005 in which leaching test was conducted for 24 h at 80 °C. The
maximum allowable concentrations of metals leached shall not exceed the limits specified by the WHO
Guidelines for Drinking Water Quality [28,29]. Copper pipes and brass fittings used in this study were
microwave-digested and measured for lead content, and results showed that their lead content was



Int. |. Environ. Res. Public Health 2016, 13, 266 3o0f15

<0.25% by weight, and thus can be considered “lead-free” according to the last “lead-free” definition
by USEPA.

Figure 1. Photograph of the simulated lead-free premise plumbing system.

The system consists of approximately 20 m of certified (BS EN1057:2006) copper pipes (0.5 inch
dia), (BS EN1254-2:1998) brass fittings (Figure 2) and stainless steel taps. The required copper pipe
length is based on the average household floor area of about 95 m? in Singapore [30]. The total capacity
of the system is approximately 2.8 L. The first stage of the experiment (conditioning phase) was to
identify a potential lead source in the system using a modified sampling method. The second stage
was to examine the effects of orthophosphate, a common corrosion inhibitor, on lead release from the
identified lead source. The third stage was to assess the effects of stopping orthophosphate addition
on lead release.
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Figure 2. Photograph of brass fitting assembly: body (left); compression nut (middle) and compression

ring (right).

Tap water (Table 1) collected from the laboratory was used. A 25 L plastic container was used
to hold supply water for the system. Plastic tubing was used to connect the plastic container to
the copper pipes and brass fittings were used to join the pipes and taps. Sequential sampling of
first 200 mL using either 2 x 100 mL or 4 x 50 mL glass bottles were performed after one, three and
seven days of stagnation. The stagnation periods were chosen to allow sufficient time for contaminants
to accumulate. Stagnant conditions represent the “worst case scenario” and the stagnation periods
meet the EPA LCR requirement of “at least 6 h stagnation” for sampling at point of use. The longer
the stagnation time, the more accumulation there is. The relative long stagnation period is likely to
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be encountered for residents returning from weekend short breaks or longer vacations. The sample
in each bottle represents water was held stagnant in different segments (approximately 80 cm and
40 cm of pipe length for 100 mL and 50 mL, respectively) along the water pipe, starting from the tap.
Only the first 200 mL was collected to minimize the dilution effect caused by the influx of fresh water
during sampling, as there were multiple sampling locations (e.g., taps) in the system. The use of glass
bottles instead of plastic bottles eliminated the need to transfer samples for acid digestion, solving
the problem of underestimation of lead levels due to missed particulates which attached to the inner
surface of the bottle [31]. Whole bottle digestion was performed to prevent any loss during transfer.
Following the sample collection, the water in the plastic container was replaced with a fresh supply of
tap water and the system was flushed with at least 3 L of the newly supplied water to ensure all the
water in the system has been replaced. Orthophosphate was added to the solution in water container
during changeover. Sample solution in each glass bottle was tested for pH, total copper, total lead
and total zinc concentrations. The flow rates during sampling complied with allowable flow rate for
constant flow regulations set by the local government whereby a basin tap should not exceed 6 L/min
to conserve water usage [32]. The average flow rates during sampling of the taps were below 3 L/min.

Table 1. Tap water parameters.

Water Parameter Value
pH 7.7 +0.3
Total alkalinity 16 + 0.9 mg/L as CaCO3
Chloride 35+ 27mg/LasCl™
Sulfate 18 +2.0mg/L as SO?;
Copper 172+ 04 pg/L
CSMR (Chloride-to-sulfate mass ratio) 1.9
Lead 2.0£0.6 ug/L
Free chlorine residual <0.01 mg/L as Cl,
Monochloramine residual 0.02 + 0.01 mg/L as Cl,
TOC 0.1 mg/L

2.2. Analytical Methods

Total lead, copper and zinc (soluble + particulate) were measured using inductively coupled
plasma mass spectrometer optical emission spectrometry (ICP-OES) in accordance with Standard
Method 3125-B [33]. Prior to the measurement, the solutions were acidified with 5% (v/v) nitric acid
and digested at 85 °C for at least 2 h. The solution pH value was measured using a pH meter (Horiba
F-51) equipped with an Ag/AgCl probe following the three-point calibration. Scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) (Nova™ NanoSEM 230) were
used to investigate the morphology and chemical composition of the formed scales, respectively.

3. Results and Discussion

3.1. Conditioning Phase

Figure 3 shows the total lead release over the experimental period of 475 days. The system was
first conditioned for 247 days, followed by orthophosphate addition for the next 89 days before the
addition was ceased for the remaining 139 days. Total lead levels decreased gradually regardless of
stagnation times (one, three and seven days), but exceeded the WHO guideline value of 10 pg/L for
the first five months. The highest lead concentration recorded was 83 pg/L on Day 31. On Day 45,
the sampling procedure for collecting the first 200 mL was changed from using 2 x 100 mL bottles
to 4 x 50 mL bottles as the former were unable to accurately locate the lead source due to multiple
brass fittings near the tap for accommodating the sharp bends and tight corners. A sampling volume
of 100 mL is sufficient to detect lead contamination in drinking water in premise systems but an
even smaller sampling volume may be used to provide a more accurate and precise location of the
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lead source. Brass fittings were identified to be the lead source in the system. The second and third
50 mL sequential samples were discontinued after 153 days because their lead concentrations were
consistently lower compared to the other samples and they were below the guideline value of 10 ug/L,
indicating absence of a lead source.
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Figure 3. Total lead in Tap 1 (top) and Tap 2 (bottom) samples as a function of time for 475 days. A
second tap was installed on Day 153 and orthophosphate was introduced on Day 248 and discontinued
on Day 338.

A second tap was installed on Day 153 and lead levels began to spike over the next two weeks.
The scale on the inner surface of the pipes and brass fittings could have been destabilized during
the installation, contributing to the lead spikes. The high lead levels may also be attributed to the
dissolution of the surface lead of the brass fittings that were used to connect the copper pipes to the
new tap. The high lead levels were not sustained for a long period of time, returning to pre-installation
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levels (~10 ng/L) after one month. The decrease of lead with time after the installation of the second
tap may be due to either the removal of the destabilized scale during the tap installation or the surface
passivation of the newly installed brass fitting, inhibiting further lead release into the solution. Surface
lead may also have been gradually depleted, considering that most of the lead found in brass exists
as surface contaminants [17]. Residents moving into new buildings or renovating their plumbing
systems are potentially at risk of lead contamination in their drinking water. Lead contamination due
to the presence of a lead source is expected to persist for as long as many years if the situation is left
untreated or the system is left untouched. A study by Elfland [17] reported high lead levels in first
flush samples in new buildings one and a half year after commissioning. Like many sampling studies,
such studies can only show whether there is lead contamination at the point of sampling, but they are
not able to explain if the lead contamination is an ongoing or short-term issue.

3.2. Orthophosphate Addition

The addition of orthophosphate is commonly used as a lead control measure to suppress lead
levels in drinking water [34-36]. As expected, total lead decreased with the addition of orthophosphate
(1 mg/L as P) from Day 248 to 337. The percentage of samples with total lead concentration less than
10 pg/L increased from 40% (85 out of 213 samples) without the orthophosphate addition to 77%
(77 out of 100 samples) with the orthophosphate addition. While the orthophosphate addition can lead
to the formation of relatively insoluble lead precipitates such as secondary lead phosphate (Pb3(PO4),),
hydroxypyromorphite (Pbs(PO4)3OH) and chloropyromorphite (Pbs5(PO4)3)Cl) [37-43], it can also
precipitate with soluble copper and zinc to form copper phosphate (Cus(POy4),, Cusz(PO4),- 2H,0)
and zinc phosphate (Zn3(POy)2, Znz(PO4),- 4H,0), respectively [44,45]. The precipitation of insoluble
phosphate minerals can control the soluble concentrations of various metals and inhibit further release
by surface passivation. Occasional total lead spikes were observed throughout the duration and these
spikes corresponded to samples collected after one day of stagnation. A closer look showed that the
occurrences of the spikes shifted from samples further away from the tap to those nearer to the tap.
After orthophosphate addition ceased, lead spikes occurred in Tap 1: 0-50 mL samples, while before
orthophosphate was introduced, lead spikes occurred in Tap 1: 150-200 mL samples. This phenomenon
could be attributed to the fast precipitation that was induced with the introduction of orthophosphate.
Hence, it is likely that the precipitates may have been carried along the system, causing the segment
nearer to the tap to contain more lead. The corrosion products accumulated at the tap over time
can also be potential sources of lead, which could be destabilized during phase transformation
when orthophosphate is introduced. Lead phosphate minerals, especially pyromorphite, are stable
under in vivo conditions and produce the least bioavailable lead compared to other lead minerals
such as lead carbonates [46]. Hence, using a phosphate-containing corrosion inhibitor can not only
control soluble lead levels, but significantly reduce lead bioavailability. To minimize ingestion of
lead-containing minerals, consumers should avoid flushing taps at maximum flow velocity (tap fully
open) as fast-flowing water can promote physical corrosion within the premise distribution system
and is more likely to carry the loose particles out of the taps. Unlike the taps used in a wash basin or
wash cabinet, taps used for water consumption should come with an aerator to filter out any particles.

Total copper was significantly higher in segments further away from the tap (150-200 mL)
than those near the tap (0-50 mL). This is due to the larger copper surface area in copper pipes
and brass fittings in contact with water than at the tap. Total copper levels exhibited peaks during
orthophosphate addition and these peaks also corresponded to samples with one day of stagnation
(Figure 4). Copper-containing scale might become loose and detach from the surface when water
is flushed through the system after the last sampling. Total copper decreased gradually after
orthophosphate addition was ceased as the copper phosphate minerals were eventually flushed
out. Two out of four segmental samplings showed that total zinc levels were suppressed with the
addition of orthophosphate (Figure 5).
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Figure 4. Total copper in Tap 1 (top) and Tap 2 (bottom) samples as a function of time for 475 days. A
second tap was installed on Day 153 and orthophosphate was introduced on Day 248 and discontinued
on Day 338.

Unlike copper, total zinc was significantly higher in segments (0-50 mL) near the tap when
orthophosphate was introduced. Zinc could be potentially released from the taps as zinc was added
to protect other metals such as copper, iron or steel against corrosion. Total zinc in one segment
(Tap 1: 0-50 mL) increased with the introduction of orthophosphate while the other segments were
unaffected, indicating that they were sources of dezincification, a form of galvanic corrosion where zinc
is preferentially corroded over other metals such as copper and lead. The presence of orthophosphate
accelerated dezincification, resulting in more zinc release. This finding is consistent with works by
Lucey [47], Oliphant and Shock [48] and Oliphant [49]. After orthophosphate addition has ceased,
total Zn returned to the levels before orthophosphate was introduced.
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Figure 5. Total zinc in Tap 1 (top) and Tap 2 (bottom) samples as a function of time for 475 days. A
second tap was installed on Day 153 and orthophosphate was introduced on Day 248 and discontinued
on Day 338.

“Blue water” (Figure 6) was also observed for samples with one day of stagnation. A clear,

colorless filtrate was obtained when the “blue water” was filtered using a 0.45-micron pore-size nylon
membrane, suggesting that the blue colorization was due to the predominant presence of copper
minerals rather than soluble copper ions. The blue colorization most likely resulted from the presence
of copper phosphate since “blue water” was only observed when orthophosphate was added. This
finding supports the occurrence of peaks seen in total copper release during orthophosphate addition
(Figure 4). Therefore, there should be caution when using orthophosphate for corrosion control if the
premise plumbing system contains copper pipes. Further studies may be conducted to examine means

to mitigate the formation of “blue water” with respect to the optimum dose of orthophosphate.
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Figure 6. “Blue water” sample, before (right) and after filtration (left) with 0.45-micron pore-size
nylon membrane.

After orthophosphate addition had been ceased, total lead levels were seen to spike within
a week (Figure 3). The presence of lead phosphate precipitate formed previously was not able to
control lead release without a continuous supply of orthophosphate into the system. Total copper
concentration increased gradually for all samples (Figure 4), suggesting that the formation of copper
phosphate minerals was not effective in controlling copper levels as well. This observation is
consistent with the study by Zhang and Edwards [50], who reported that the inhibitive effect of
dosing orthophosphate decreased substantially after 100 days. However, total zinc continued to
decrease even after orthophosphate addition had been stopped (Figure 5).

3.3. Change in Solution pH

The change in pH was obtained by taking the difference between the pH in the water sample
collected after the desired stagnation time and the pH of the same water first introduced to the system.
Changes in the pH value were shown to increase at each phase of the experiment (Table 2). During
the conditioning phase, 82% of samples (112 out of 136 samples) collected showed an increase of at
least 0.50 pH unit. The increase in pH could be caused by various chemical processes in the system.
For instance, lead can be first oxidized to Pb?* (Equations (1) and (2)), which subsequently reacts with
oxygen to form an oxide layer. This basic oxide layer reacts with H* ions to release soluble Pb>* ions
(Equation (3)). Both the oxidation of metallic Pb to Pb?* and the dissolution of PbO to Pb?* in water
either consume H* or produce OH™, resulting in an increase in solution pH.

2Pb + O, + 4H* — 2Pb*" + 2H,0 1)
2Pb + O, + 2H,0 — 2Pb** + 40H~ )
PbO + 2H' — Pb?>* + H,0 (3)

The extent of median pH increase rose further from 0.75 to 1.47 pH unit when orthophosphate was
introduced into the system. However, this increase in median pH returned to the pre-orthophosphate
level at 0.86 pH unit once the supply of orthophosphate was stopped. Ninety-six out of 100 samples
collected had a pH increase between 1.21 and 1.92 pH unit when orthophosphate was added to
the system while 92 out of 132 samples had a pH increase between 0.60 and 1.20 pH unit when the
orthophosphate addition was stopped. The formation of phosphate minerals would deplete the soluble
metal ions in the system and drive the system to produce additional soluble metal ions to replace the
consumed ions. More H* will be consumed in the process, resulting in a rise in pH. The different
stagnation times had little effect on pH changes in each phase.
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Table 2. Change in pH values with respect to initial tap water pH in samples collected at different stages from the system.

Sequential

Sample Conditioning Orthophosphate (1 mg/L as P) Orthophosphate Addition Ceased
Median Median Median
1d 3d 7d Min, Max 1d 3d 7d Min, Max 1d 3d 7d Min, Max
Tap 1: 0.47 0.89 0.73 0.64 1.55 1.59 1.36 1.55 0.97 1.01 0.73 0.97
0-50 mL —0.09, 0.97 0.34,1.60 0.36,1.46 —0.09, 1.60 1.50,1.79 1.27,1.92 1.26,1.57 1.26,1.92 0.74,1.83 0.48,1.44 0.23,0.97 0.23,1.83
Tap 1: 0.24 0.64 1.11 0.80
50-100mL  —0.21,0.57 0.32,0.80 0.83,1.30 —0.21,1.30
Tap 1: 0.16 0.65 0.78 0.68
100-150 mL  —0.22,0.57 0.38,0.86 0.64,0.87 —0.22,0.87
Tap 1: 0.53 0.83 0.77 0.75 1.45 1.44 1.30 1.42 0.97 0.85 0.33 0.83
150-200 mL 0,0.97 0.50, 1.00 0.41,1.16 0,1.16 1.34,1.72 0.89, 1.69 1.23,1.50 0.89,1.72 0.85, 1.64 0.41,1.47 0.17,0.78 0.17, 1.64
Tap 2: 0.77 0.56 1.15 0.97 1.29 1.48 1.38 1.44 0.71 0.84 0.52 0.76
0-50 mL 0.56, 0.97 0.36,0.85 0.52,1.73 0.36,1.73 1.13,1.50 1.29,1.87 1.25,1.72 1.13,1.87 0.51, 1.56 0.46,1.15 0.40,0.92 0.40, 1.56
Tap 2: 0.95 0.95
50-100 mL 0.59,1.14 0.59,1.14
Tap 2: 0.75 0.75
100-150 mL 0.65,1.07 0.65,1.07
Tap 2: 0.82 0.85 0.90 0.89 1.52 1.46 1.30 1.42 1.06 0.96 0.63 0.90
150-200 mL 0.66, 0.97 0.70,1.22 0.52,1.24 0.52,1.24 1.37,1.60 0.87,1.84 1.22,1.50 0.87,1.84 0.85,1.67 0.56, 1.51 0.41,0.94 0.41,1.67
Median 0.75 147 0.87

—0.22,1.73 0.87,1.92 0.17,1.83
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3.4. Scale Analysis

Bluish-green scale (Figure 7) was observed on the copper pipe segments collected during
orthophosphate addition and when orthophosphate addition was ceased. Copper corrosion products,
such as copper hydroxide, carbonate and phosphate, were likely to be present, as evidenced by the
same bluish-green coloration of these minerals and the scale. A cross-section of the segment showed the
transformation in color of the scales from white to bluish-green when orthophosphate was introduced.
Elemental mapping using SEM-EDX (Figure 8) identified the spherical crystals to be CuO and the
smaller amorphous crystals to be ZnO.

Figure 7. Cross-section of a copper pipe segment (left) after conditioning with tap water for 100 d,
(middle) after 367 d orthophosphate addition and (right) after 433 d orthophosphate addition ceased.

ulat 2 O Kat

Figure 8. SEM-EDX elemental mapping of scale collected at the end of experiment.

4. Conclusions

In this study, a modified sampling protocol was used to detect lead contamination in a premise
plumbing system and locate lead sources within the system. The sampling protocol requires sequential
sampling of 50 and 100 mL for the first 200 mL after a stagnation period of one, three or seven days.
Sequential sampling using 100 mL was sufficient for detecting lead contamination while using 50 mL
could effectively locate the lead source. “Lead-free” brass fittings were identified as the source of lead
contamination. During the first 247 days of conditioning, lead levels far exceeded the WHO guideline
value of 10 ug- L~1. Tap installation on Day 153 caused short-term spikes in lead release for two weeks.
Hence, residents moving into new buildings or renovating their plumbing systems are potentially at
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risk of lead contamination in their drinking water. Orthophosphate was effective in suppressing total
lead levels below 10 pg- L~1, but caused “blue water” problems, most likely due to excessive copper
phosphate formation. When orthophosphate addition was ceased, total lead levels began to spike
within one week, suggesting that a continuous supply of orthophosphate was required to control total
lead levels. All samples collected after stagnation showed an increase in pH while orthophosphate
addition resulted in the highest pH increase of up to 1.92 pH unit. The main strengths of this study are
the measurement of copper and zinc on top of lead and the long experimental period. Copper and
zinc are major components of brass, while lead is usually present in negligible amounts. The release of
lead from brass is, however, related to zinc content in brass, i.e., the higher the zinc content, the higher
the lead release [51]. The system was assembled in the laboratory using all-new plumbing materials
and only certified copper pipes, brass fittings and stainless steel taps were used without any tapes,
sealants and solders that may be present in field sampling. Many studies in the literature used either
relatively short lengths of pipe (3 m) or single fittings to represent real distribution systems, while
this study is specifically designed to represent real premise plumbing systems that use copper pipes.
The long experimental period allows us to show that lead contamination can be persistent in premise
distribution systems and helps to fill the knowledge gap in the existing literature. It should be noted
that the findings presented in this study are specific to premise systems made up of primarily copper
pipes and brass fittings and may differ from systems of different materials or dimension. The approach
in tracing lead sources (or other contaminants) in a premise system by performing sequential sampling
and adjusting sample volumes should still work for other systems. This study can be further improved
by incorporating the measurement of soluble lead concentration to differentiate the contribution of
soluble and particulate lead to the total lead level, adopting a higher sampling flow rate to investigate
the potential high contribution of particulate lead to lead contamination, and using shorter stagnation
periods to represent the daily usage of water.
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CSMR chloride-to-sulfate mass ratio

ICP-OES Inductively coupled plasma mass spectrometer optical emission spectrometry
IRIS Integrated Risk Information System

LCR Lead and Copper Rule

LSLs lead service lines

MCLG Maximum Contaminant Level Goal

PUB Public Utilities Board

RDT random daytime

RfD reference dose

USEPA United States Environmental Protection Agency

WHO World Health Organization



Int. ]. Environ. Res. Public Health 2016, 13, 266 13 of 15

References

1. Bellinger, D.; Leviton, A.; Sloman, J.; Rabinowitz, M.; Needleman, H.L.; Waternaux, C. Low-level lead
exposure and children’s cognitive function in the preschool years. Pediatrics 1991, 87, 219-227. [PubMed]

2. Weizsaecker, K. Lead toxicity during pregnancy. Primary Care Update OB/GYNS 2003, 10, 304-309. [CrossRef]

3. Papanikoloaou, N.C.; Hatzidaki, E.G.; Boonsalee, S.; Txanakakis, G.N.; Tsatsakis, A.M. Lead toxicity update.
A brief Review. Med. Sci. Monit. 2005, 11, RA329-RA336.

4. U.S. Environmental Protection Agency. Prohibition on Use of Lead Pipes, Solder and Flux. Available online:
https:/ /www.gpo.gov/fdsys/pkg/CFR-1999-title40-vol15/xml/CFR-1999-title40-vol15-sec141-43.xml
(accessed on 24 February 2016).

5. U.S. Environmental Protection Agency. Maximum Contaminant Level Goals and National Primary
Drinking Water Regulations for Lead and Copper. Available online: http://www.epa.gov/dwreginfo/
lead-and-copper-rule (accessed on 24 February 2016).

6.  World Health Organization. Water Sanitation and Health: Guidelines for Drinking-Water Quality; WHO: Geneva,
Switzerland, 2011.

7. Renner, R. Reaction to the solution: Lead exposure following partial service line replacement. Environ. Health
Perspect. 2010, 118, A202—-A208. [CrossRef] [PubMed]

8.  Health Canada. Minimizing Exposure to Lead from Drinking Water Distribution Systems. Available online:
http:/ /www.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/water-eau/lead-plomb-eng.pdf
(accessed on 24 November 2015).

9.  Drinking Water Inspectorate. Lead in Drinking Water. Available online: http://dwi.defra.gov.uk/
consumers/advice-leaflets /lead.pdf (accessed on 24 November 2015).

10. U.S. Environmental Protection Agency. Reducing Lead in Drinking Water: A Benefit Analysis; USEPA:
Washington, DC, USA, 1986.

11. LEAD. Lead in Drinking Water in Australia: Hazards Associated with Lead Based Solder on Pipes. Available
online: http://www.lead.org.au/lanv8n1/18v1-11.html (accessed on 24 November 2015).

12.  Renner, R. Out of plumb when water treatment causes lead contamination. Environ. Health Perspect. 2009,
117, A542—-A547. [CrossRef] [PubMed]

13. Edwards, M.; Triantafyllidou, S. Chloride-to-sulfate mass ratio and lead leaching to water. J. Am. Water
Works Assoc. 2007, 99, 96-109.

14.  Willison, H.; Boyer, T.H. Secondary effects of anion exchange on chloride, sulfate, and lead release: Systems
approach to corrosion control. Water Res. 2012, 46, 2385-2394. [CrossRef] [PubMed]

15. Ng, D.Q.; Lin, Y.P. Effects of pH value, chloride and sulfate concentrations on galvanic corrosion between
lead and copper in drinking water. Environ. Chem. 2015. [CrossRef]

16. Kimbrough, D.E. Brass corrosion as a source of lead and copper in traditional and all plastic distribution
systems. J. Am. Water Works Assoc. 2007, 99, 70-76.

17. Elfland, C.; Scardina, P.; Edwards, M. Lead-contaminated water from brass plumbing devices in new
buildings. |. Am. Water Works Assoc. 2010, 102, 66-76.

18. U.S. Environmental Protection Agency. Summary of the Reduction of Lead in Drinking Water Act and Frequently
Asked Questions; USEPA: Washington, DC, USA, 2013.

19. CDA. Copper Casting Alloys. Available online: http:/ /www.copper.org/publications/pub_list/pdf/7014.pdf
(accessed on 24 November 2015).

20. CDA. Alloy Data Sheet, Envirobrass (SeBiLOY), Non-Leaded Red Brass and Yellow Brass Casting Alloy.
Available online: http:/ /www.copper.org/applications/industrial /PDF_files /sebiloy. PDF (accessed on 24
November 2015).

21. U.S. Environmental Protection Agency. National Primary Drinking Water Regulations for Lead and Copper:
Short-Term Regulatory Revisions and Clarifications. Available online: https:/ /www.federalregister.gov/
articles/2007/10/10/E7-19432 / national-primary-drinking-water-regulations-for-lead-and-copper-short-
term-regulatory-revisions-and (accessed on 24 February 2016).

22. Sandvig, A.; Kwan, P; Kirmeyer, G.; Maynard, B.; Mast, D.; Trussell, R.; Trussell, S.; Cantor, A.; Prescott, A.

Contribution of Service Line and Plumbing Fixtures to Lead and Copper Rule Compliance Issue; AwwaRF: Denver,
CO, USA, 2008.


http://www.ncbi.nlm.nih.gov/pubmed/1987535
http://dx.doi.org/10.1016/S1068-607X(03)00074-X
http://dx.doi.org/10.1289/ehp.118-a202
http://www.ncbi.nlm.nih.gov/pubmed/20435548
http://dx.doi.org/10.1289/ehp.117-a542
http://www.ncbi.nlm.nih.gov/pubmed/20049189
http://dx.doi.org/10.1016/j.watres.2012.02.010
http://www.ncbi.nlm.nih.gov/pubmed/22374301
http://dx.doi.org/10.1071/EN15156

Int. ]. Environ. Res. Public Health 2016, 13, 266 14 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Hoekstra, E.J.; Hayes, C.R.; Aertgeerts, R.; Becker, A.; Jung, M.; Postawa, A.; Russell, L.; Witczak, S. Guidance
on Sampling and Monitoring for Lead in Drinking Water; European Commission, Joint Research Centre, Institute
for Health and Consumer Protection: Luxembourg, Luxembourg, 2009.

Van den Hoven, T.; Slaats, N. Lead monitoring. In Analytical Methods for Drinking Water, Advances in Sampling
and Analysis; Quevaullier, P., Thompson, K.C., Eds.; Wiley & Sons: Oxford, UK, 2006; pp. 63-113.

Hayes, C.R.; Incledion, S.; Balch, M. Experience in Wales (UK) of the optimization of ortho-phosphate dosing
for controlling lead in drinking water. J. Water Health 2008, 6, 177-185. [CrossRef] [PubMed]

Government of Ontario. Ontario Regulation 399/07. Safe Drinking Water Act, 2002—Amended to O. Reg. 170/03;
Government of Ontario: Ontario, Canada, 2007.

Ministry of Sustainable Development, Environment and Parks (MDDEP). Rules on Drinking Water Qaulity.
Available online: http:/ /www?2.publicationsduquebec.gouv.qc.ca/dynamicSearch/telecharge.php?type=3&
file=/Q_2/ Q2R40.HTM (accessed on 25 February 2016).

Public Utilities Board.  Handbook on Application for Water Supply, 2009. Available online:
http:/ /www.pub.gov.sg/general /Documents/RPUB00003.pdf (accessed on 3 February 2016).

Public Utilities Board. Compression and Capillary Pipe Fittings. Available online: https:/ /app.pub.gov.sg/
WaterFittingsUsers2 / WaterWsFittingStd Desc.aspx?fd=Compression%20and%20Capillary%20Pipe%20Fit
tings&l1=2&12=8&13=4-2&14=5 (accessed on 3 February 2016).

Housing & Development Board. 2012, Annual Report, Key Statistics. Available online: http://www10.
hdb.gov.sg/eBook/AR2012 /keystatistics.html (accessed on 4 February 2016).

Triantafyllidou, S.; Parks, J.; Edwards, M. Lead particles in potable water. J. Amer. Water Works Assoc. 2007,
99, 107-117.

Public Utility Board. Handbook on Application For Water Supply; PUB: Singapore, Singapore, 2009.

American Public Health Association; American Water Works Association; Water Environment Federation.
Standard Methods for the Examination of Water and Wastewater; APHA, AWWA and WEF: Washington, DC,
USA, 2012.

Boffardi, B.P. Potable water treatment and monitoring for corrosion and scale control. . NEWWA. 1988, 102,
111-116.

Edwards, M.; Mcneill, L.S. Effect of phosphate inhibitors on lead release from pipes. ]. Am. Water
Works Assoc. 2002, 94, 79-90.

Hayes, C.; Aertgeerts, R.; Barrott, L.; Becker, A.; Benoliel, M.].; Croll, B.; Edwards, M.; Gari, D.; Hoekstra, E.;
Jung, M.; et al. Best Practice Guide on the Control of Lead in Drinking Water; Hayes, C., Ed.; IWA Publishing:
London, UK, 2010.

Schock, M.R.; Wagner, I.; Oliphant, R. The corrosion and solubility of lead in drinking water. In Internal
Corrosion of Water Distribution Systems, 2nd ed.; American Water Works Association Research Foundation:
Denver, CO, USA, 1996.

Zhang, P; Ryan, J.; Bryndzia, L.T. Pyromorphite formation from goethite adsorbed lead. Environ. Sci. Technol.
1997, 31, 2673-2678. [CrossRef]

Zhang, P.; Ryan, ]J. Transformation of Pb(II) from cerussite to chloropyromorphite in the presence of
hydroxyapatite under varying conditions of pH. Environ. Sci. Technol. 1999, 33, 625-630. [CrossRef]

Zhang, P; Ryan, J. Formation of chloropyromorphite from galena (PbS) in the presence of hydroxyapatite.
Environ. Sci. Technol. 1999, 33, 618-624. [CrossRef]

Scheckel, K.G.; Ryan, J. Effects of aging and pH on dissolution kinetics and stability of chloropyromorphite.
Environ. Sci. Technol. 2002, 36, 2198-2204. [CrossRef] [PubMed]

Schock, M.R; Lytle, D.A.; Sandvig, A.M.; Clement, J.; Harmon, S.M. Replacing polyphosphate with silicate
to solve lead, copper, and source water iron problems. |. Am. Water Works Assoc. 2005, 97, 84-93.

Lytle, D.A.; Schock, M.R.; Scheckel, K. The inhibition of Pb(IV) oxide formation in chlorinated water by
orthophosphate. Environ. Sci. Technol. 2009, 43, 6624—-6631. [CrossRef] [PubMed]

Schock, M.R; Lytle, D.A.; Clement, J.A. Effect of pH, DIC, Orthophosphate and Sulfate on Drinking Water
Cuprosolvency; Office of Research & Development, USEPA: Cincinnati, OH, USA, 1995.

Yohai, L.; Schreiner, W.H.; Vazquez, M.; Valcarce, M.B. Surface characterization of coppet, zinc and brass in
contact with tap water inhibited with phosphate ions. Appl. Surf. Sci. 2011, 257, 10089-10095. [CrossRef]
Scheckel, K.G.; Ryan, J.A. In vitro formation of pyromorphite via reaction of Pb sources with soft-drink
phosphoric acid. Sci. Total Environ. 2003, 302, 253-265. [CrossRef]


http://dx.doi.org/10.2166/wh.2008.044
http://www.ncbi.nlm.nih.gov/pubmed/18209280
http://dx.doi.org/10.1021/es970087x
http://dx.doi.org/10.1021/es980268e
http://dx.doi.org/10.1021/es980314a
http://dx.doi.org/10.1021/es015803g
http://www.ncbi.nlm.nih.gov/pubmed/12038830
http://dx.doi.org/10.1021/es900399m
http://www.ncbi.nlm.nih.gov/pubmed/19764227
http://dx.doi.org/10.1016/j.apsusc.2011.07.002
http://dx.doi.org/10.1016/S0048-9697(02)00350-9

Int. ]. Environ. Res. Public Health 2016, 13, 266 15 of 15

47.

48.

49.

50.

51.

Lucey, V.F. Relationship between water composition and dezincification of duplex brass. In Proceedings of
the British Non-Ferrous Metals Research Association Seminar on Dezincification in Brass Fittings for Water
Services, Copenhagen, Denmark, 10-11 September 1973.

Oliphant, R.J. Dezincification by Potable Water of Domestic Plumbing Fittings: Measurement and Control; Water
Research Centre: Medmenham, UK, 1978.

Oliphant, R.J.; Schock, M.R. Copper alloys and solders. In Internal Corrosion of Water Distribution Systems,
277; American Water Works Association: Denver, CO, USA, 1996.

Zhang, Y.; Edwards, M. Effects of pH, chloride, bicarbonate and phosphate on brass dezincification. J. Am.
Water Works Assoc. 2011, 103, 90-102.

Zhang, Y.; Edwards, M. Zinc content in brass and its influence on lead leaching. J. Am. Water Works Assoc.
2011, 103, 76-83.

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Materials and Methods 
	Simulated Premise Plumbing System 
	Analytical Methods 

	Results and Discussion 
	Conditioning Phase 
	Orthophosphate Addition 
	Change in Solution pH 
	Scale Analysis 

	Conclusions 

