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Abstract Assessing the health risk from lead (Pb) in
potable water requires accurate quantification of the Pb
concentration. Under worst-case scenarios of highly con-
taminated water samples, representative of public health
concerns, up to 71–98 % of the total Pb was not quanti-
fied if water samples were not mixed thoroughly after
standard preservation (i.e., addition of 0.15 % (v/v)
HNO3). Thorough mixing after standard preservation
improved recovery in all samples, but 35–81 % of the
total Pb was still un-quantified in some samples. Transfer
of samples from one bottle to another also created high
errors (40–100 % of the total Pb was un-quantified in
transferred samples). Although the United States Envi-
ronmental Protection Agency’s standard protocol avoids
most of these errors, certain methods considered EPA-
equivalent allow these errors for regulatory compliance
sampling. Moreover, routine monitoring for assessment
of human Pb exposure in the USA has no standardized
protocols for water sample handling and pre-treatment.
Overall, while there is no reason to believe that sample
handling and pre-treatment dramatically skew regulatory

compliance with the US Pb action level, slight variations
from one approved protocol to another may cause Pb-in-
water health risks to be significantly underestimated,
especially for unusual situations of “worst case” individ-
ual exposure to highly contaminated water.
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Introduction

After implementation of modern corrosion control and
an action level (AL) of 15 parts per billion (ppb) through
the federally mandated EPA Lead and Copper Rule
(LCR; United States Environmental Protection Agency
(US EPA) 1991), it was believed that lead (Pb) in water
had been addressed as a significant human health threat
in the USA (CDC 2002). Assessments of a massive Pb
contamination incident in Washington, DC tap water
during 2001–2004 initially created some speculation
that Pb-in-water levels much higher than the AL would
be necessary to elevate Pb in children’s blood over the
10 μg/dL level of concern (CDC 2004; Guidotti et al.
2007). However, later and more detailed analysis of the
Washington, DC experience revealed correlations be-
tween incidence of elevated blood Pb (EBL, ≥10
μg/dL) and the higher Pb in water (Edwards et al.
2009), or presence of Pb service lines (Brown et al.
2010). Brown et al. (2010) also determined that the risk
from Pb service lines (and presumably Pb in water)
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extended to time periods when Washington, DC was
meeting the 15 ppb Pb AL. This reinforced concerns
(Levin et al. 2008; Edwards et al. 2009) that there is still
a significant risk of EBL from potable water sources.

A recent literature review of other epidemiological
studies in the USA, the UK, Germany, France, and
Canada reaffirmed that Pb in water can be a significant
contributor to Pb in blood, especially for infants and
children (Triantafyllidou and Edwards 2011a). For ex-
ample, a study by Galke et al. (2006) determined that the
more glasses of tap water consumed by children, the
greater the risk of elevated blood Pb in Milwaukee and
in New York. Oddly, the actual water Pb levels quanti-
fied during that study did not strongly correlate with the
risk of elevated blood Pb, whereas the act of drinking tap
water did. It is possible that this apparent contradiction in
Galke et al. (2006) might be due to a failure of typical
sampling protocols to quantify Pb-in-water risks, even
when present. This could occur, for example, if in some
situations the actual Pb in water was much higher than
the level quantified in collected water samples.

There is no current accepted protocol for collection
and preparation/pre-treatment of tap water samples for
Pb monitoring that is universally followed (Cartier et
al. 2011). The interpretation of results when using
different protocols for monitoring, coupled with the
inherent variability of Pb in water, remain big chal-
lenges (Schock and Lemieux 2010; Schock 1990). In
general, three categories of protocols can be identified
in the US, including: (1) EPA Method 200.8 and 200.9
as supplemented by details in the Federal Register
(henceforth termed “EPA standard protocol”), (2) oth-
er published methods explicitly deemed acceptable by
the EPA, including Palintest Ltd. Method 1001 and
Standard Method 3113 B, as supplemented by the
Federal Register, and (3) methods developed on an
“ad hoc” basis for targeted monitoring or for environ-
mental assessments in homes of at-risk children. Only
protocols from categories 1 and 2 can be used for
compliance sampling under the EPA LCR, whereas
any method can be followed for environmental assess-
ments or targeted monitoring. For each protocol, there
are three types of potential deficiencies which can
“miss” Pb in water, either alone or in combination:

1. Sampling steps or instructions that fail to introduce
the Pb-in-water hazards into the sampling bottle.
Pb particulates present in water during normal
household use, can be missed during sampling

if low water flow rates are used to fill bottles
(Triantafyllidou and Edwards 2011a), if plumbing
lines have been flushed extensively before sam-
pling (as sometimes instructed by utilities even
though EPA instructions do not mention flushing),
or if faucet aerators have been cleaned/removed
(as is sometimes done even though EPA has offi-
cially discouraged the practice) (US EPA 2006;
Triantafyllidou and Edwards 2011a). Likewise,
only cold water samples are generally collected
and analyzed for compliance with the EPA LCR or
during environmental monitoring, even though it
is believed that hot water sometimes contains
much higher Pb and could contribute to EBL
(Triantafyllidou and Edwards 2011a).

2. Even if a water sample with high Pb is collected,
specific steps of sample preparation/pre-treatment
may fail to mobilize the Pb into an aliquot that
will then be introduced to an appropriate Pb
detector. The concentration of acid preservative
added to the sample, the extent of sample mixing
after preservation, and sample holding time after
preservation and prior to analysis are all specified
by the EPA, because they can affect Pb quantifica-
tion. The only demonstrated limitation in the EPA
standard protocol is the effectiveness of acid preser-
vative, which created errors of up to 80 % if certain
types of Pb particulates were present, because the
acid was not sufficient to dissolve all the Pb and left
particulates at the bottom or on the walls of sample
containers (Triantafyllidou et al. 2007).

3. Even if a water sample with high Pb is collected
and pre-treated appropriately before it is intro-
duced to an analytical detector, Pb is in a form
that cannot always be quantified by the specific
detector. For example, this could be a serious
concern for the newly approved analytical method
of Differential Pulse Anodic Stripping Voltamme-
try (DPASV), which measures dissolved Pb ions
(i.e., Pb+2) but was shown to significantly under-
estimate particulate Pb (i.e., Pb+4) and colloidal
Pb (Cartier et al. 2009).

While all three categories of potential deficien-
cies deserve consideration, this work focuses on
type 2 sample preparation techniques for the quan-
tification of “total recoverable Pb” (termed “total
Pb” henceforth for simplicity reasons). In relation
to type 2 errors, water sample preparation under
the federally mandated LCR (Fig. 1) typically
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involves: (1) Sample shipment to a certified lab
after collection at the tap, (2) acidification of
sample to pH <2.0 typically by addition of
0.15 % (v/v) concentrated nitric acid (HNO3)
which is termed “standard preservation” in this
work, (3) minimum holding time of 16 h, (4)
turbidity measurement in aliquot, and additional
heated acid digestion of an aliquot only if the
turbidity is greater than 1 ntu (nephelometric tur-
bidity unit), which is termed “aliquot digestion”
henceforth in this work, and (5) analysis using an
approved analytical method (either inductively
coupled plasma mass spectrometry (ICP-MS) or
flame atomic absorption). The EPA has also ap-
proved other analytical instruments which may
use different sample pre-treatment methods for
LCR compliance monitoring (Table 1).

If the Pb in water is dissolved, standard preser-
vation adequately prohibits Pb from adhering to
the sampling container at any step of the process
(Fig. 1) so that it will be fully quantified. In
addition to extensive testing by the authors which
showed no problems in detecting dissolved Pb
using the EPA standard preservation, Deshommes
et al. (2010) found no difference in the measured

Pb concentration of water samples, between the
standard preservation and a more rigorous heated
digestion (1 % (v/v) HNO3+0.5 % (v/v) HCl,
85°C) in cases where Pb was predominantly dis-
solved and did not exceed 32 ppb. Similarly, Lytle
et al. (1993) found that standard preservation re-
covered 100 % of a very fine Pb solder powder
which had been deliberately introduced to water
samples.

However, if larger Pb particles are present that
can settle from solution or adhere to the walls of
containers, several problems may arise in quanti-
fication and detection (Fig. 1). Such particles have
been implicated in childhood Pb poisoning from
water and thought to be present after partial Pb
service line replacement (Triantafyllidou and
Edwards 2011a), or presumably present in actual
samples collected by Lytle et al. (1993) for which
Pb was noted to rise with increased holding time.
These potential problems depend upon the ability
of standard preservation to render all the Pb solu-
ble (Fig. 1). It is hypothesized that such problems
may be exacerbated when coupled with lack of
mixing of samples after standard preservation, the
need for which is not explicitly mentioned in one

Mix sample 
take aliquot

Measure
turbidity< 1 ntu > 1 ntu 

No Digestion
Necessary

Analytical Instrument
ICP-MS, or STGFAA

Allow to Settle 
Overnight or 
Centrifuge 

Pb associated with
particles may not be fully
recovered

Standard 
Preservation 
Acidify to pH<2, 
typically with 
0.15% v/v HNO3

FIELD LAB

Storage for 
unspecified time X 
(Recommended< 2 
weeks) 

Aliquot Digestion 

Add 2 mL (1:1) HNO3  and         
1 mL (1:1) HCl                            
Heat to 85 °C until volume 
reduced to 20 mL (do not boil) 

Pb particles may attach 
to sample bottle

Water Sample 
Collection in 
Plastic Bottle 

Pb particles settled at the 
bottom or attached to bottle 
may not be poured off

Mix sample               
take 100 mL aliquot 

Pb particles may
not be poured off

Pb particles removed 
from sample 

Take aliquot  
Adjust HNO3

to 1% v/v  

Pb particles may
not be poured off

May not be enough to 
recover all the Pb 
particles

Fig. 1 EPA standard proto-
col (i.e., sampling and ana-
lytical procedures) for total
Pb quantification in drinking
water samples in the USA, as
described in EPA Methods
200.8 (ICP-MS) and 200.9
(STGFAA). A slightly differ-
ent digestion (not shown) is
recommended if the sample
contains >1 % undissolved
solids. Potential problems are
emphasized in bold italics.
This figure is a revised ver-
sion of that published by
Triantafyllidou et al. (2007)
in Journal AWWA 99:6,
and is included herein
with permission
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EPA-approved protocol (Table 2). This work aims
to examine the role of specific sample preparation
steps in the quantification of Pb for worst-case
situations; specifically, those in which highly con-
taminated water could pose a public health risk.
Implications for regulatory compliance monitor-
ing are considered as part of that evaluation.

Materials and methods

Water sample sources. Potable water samples exposed
to Pb pipe, leaded brass, or leaded solder plumbing
were collected from four bench-scale experiments
(Zhang et al. 2009; Hu et al. 2010; Triantafyllidou
and Edwards 2011b; Nguyen et al. 2010) to examine
specific limitations of various sample preparation pro-
cedures (Table 3). Collectively, these four sets of water
samples represented worst-case extremes with high
particulate Pb from all three major sources of Pb
contamination (i.e., Pb pipe, Pb solder, and leaded
brass) in potable water, and were used in four distinct
tests in this work to evaluate specific sample prepara-
tion issues (Table 3).

Effect of sample mixing after standard preservation
(tests 1 and 2). For tests 1 and 2, unfiltered water
samples were analyzed for total Pb after initial acidi-
fication with 0.15 % (v/v) concentrated HNO3 for at
least 16 h at room temperature (~20°C), following
instructions of standard preservation but without

sample mixing (Table 3). For comparison, the samples
were subsequently mixed and re-analyzed, as per the
mixing specification of the EPA pre-treatment protocol
(Table 3). As a final step, the samples were exposed to a
very rigorous in-the-bottle digestion (addition of 2 %
(v/v) HNO3 at room temperature) to potentially recover
a greater fraction of the Pb compared with the standard
preservation (Table 3).

Effect of sample transfer between sample bottles be-
fore analysis (Tests 3 and 4). For tests 3 and 4, each
unfiltered water sample was first divided into two
portions after mixing. One portion remained in the
original sampling container, while a second portion
was poured into a new container. Each portion re-
ceived either the same preservation treatment (Test 3)
or different treatment in terms of acidification extent
or temperature (Test 4), for the same amount of time
prior to Pb analysis (Table 3). Unless otherwise stated
(e.g., Tests 1 and 2, see Table 3) the samples from
Tests 3 and 4 were always vigorously mixed following
addition of HNO3.

Analytical methods. Total Pb after each step of each
test was measured in 10-mL sample aliquots with an
ICP-MS in accordance with EPA method 200.8 (US
EPA 1994a). Prior to analysis for total Pb, all sample
aliquots were acidified, if needed, to reach 2 % (v/v)
concentrated HNO3. In steps where the standard pres-
ervation protocol was followed, the pH of the water

Table 1 EPA-approved analytical methods for LCR compliance
monitoring of total lead in drinking water samples in the USA as
listed in the Federal Register (US EPA 2009), and specific sample

pre-treatment requirements for each method (US EPA 1994a, b,
2003; Palintest 1999; APHA 1998)

Method approved for lead compliance monitoring
under the lead and copper rulea

Instrumentation Sample pre-treatment requirement

Standard
preservation

Aliquot digestion

EPA 200.8 Rev 5.4 ICP-MS Yes Not unless turbidity (>1 ntu)

EPA 200.9 Rev 2.2 STGFAA Yes Not unless turbidity (>1 ntu)

Palintest Ltd. or Hach Co. Method 1001 DPASV Yes Yes

Standard Method 3113 B Electrothermal atomic absorption Yes Not unless turbidity (>1 ntu)

EPA 200.5 Rev 4.2 AVICP-AES Yes Yes

ICP-MS inductively coupled plasma–mass spectrometry, STGFAA stabilized temperature graphite furnace atomic absorption, DPASV
differential pulse anodic stripping voltammetry, AVICP-AES axially viewed inductively coupled plasma–atomic emission spectrometry
a Either an original EPA method or a third-party method approved by EPA
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was confirmed to be <2.0 with an electrode according
to Standard Method 4500-H+ (APHA 1998).

Results and discussion

Effect of sample mixing after standard preservation
(Tests 1 and 2). The recovery and quantification of Pb in
water was dependent on sample mixing. Specifically, if
the sample was not completely mixed immediately after
adding 0.15 % acid per unit volume, four representative
water samples from Pb pipes (Test 1) were determined
to contain 369, 539, 58, and 1,903 ppb Pb after
17-h holding time (Fig. 2, top).When these samples were
mixed at 17 h, Pb concentrations increased to 1,336,
13,680, 185, and 20,300 ppb, respectively (Fig. 2, top).
Allowing an additional 7 h of holding time did not
markedly increase the level of Pb, but when acid concen-
tration was increased to 2 % (v/v), the resulting measure-
ment of total leachable Pb was much higher in two of the
four samples (Fig. 2, top). Practically, at least 71 (Pb pipe
3) to 97 % (Pb pipe 2) of the total leachable Pb was
“missed” in the unmixed samples preserved with 0.15 %
(v/v) HNO3, whereas 6 % (Pb pipe 4) to 81 % (Pb pipe 1)
of the Pb was missed if the samples were mixed (Fig. 2,
top). In the latter case (Pb pipe 1), standard preservation
(0.15 % (v/v) HNO3) was typically not sufficient to
dissolve all the Pb even if mixing was undertaken,

compared with the more rigorous final acidification
(2 % (v/v) HNO3). While the improved performance of
stronger acid preservative (i.e., 2% instead of 0.15% (v/v)
HNO3) needs to be further investigated, it was shown to
recover more Pb compared with the standard preservation
in some prior work (Triantafyllidou et al. 2007).

In the case of water samples containing particulates
derived from Pb solder (Test 2), an even greater impact
of sample mixing was apparent. The standard preserva-
tion without mixing after 17-h holding time missed 96
(solder 5, 6) to 98 % (solder 1, 2, and 3) of the Pb, when
compared with a more rigorous 2 % acid exposure to
recover total leachable Pb from the same sample after
65-h holding time (Fig. 2, bottom). In contrast, if stan-
dard preservation was conducted with mixing, only 1–
5% of the Pbwould bemissed, when compared with the
total leachable Pb in the same sample (Fig. 2, bottom).

In summary, mixing a sample after adding 0.15 %
(v/v) acid preservative greatly reduced (but not com-
pletely eliminated) errors in quantifying Pb in this
work. Labs and utilities that do not mix samples im-
mediately after standard preservation, as is allowed in
one EPA-approved protocol (see Table 2), run the risk
of “missing” serious Pb-in-water hazards. This, in
theory at least, could allow utilities to comply with
the EPA Pb AL when they otherwise would not, or
result in under-estimation of human health risks from
potable water consumption.
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Fig. 2 Total Pb quantifica-
tion in “worst-case”
(i.e., highly contaminated)
water samples collected from
laboratory experiments uti-
lizing Pb pipes (Test 1, top)
and leaded solder wire (Test
2, bottom). Pb concentration
is presented on a
logarithmic scale for each
preservation/mixing step
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Effect of sample transfer between sample bottles be-
fore analysis (Tests 3 and 4). When following instruc-
tions for home water customer sampling issued by a
US water utility (Portland Water Bureau 2010) and in
some other situations for environmental assessments
of Pb-poisoned children, where samples are trans-
ferred from bottle to bottle before analysis (exemplar
in Fig. 3, top left), relatively large white-colored Pb-
containing particulates rapidly settled to the bottom of
the original sampling container and were visually ob-
served (Fig. 3, top right). When pouring off a portion
of the sample to a smaller bottle, which is typically
used for mailing and subsequent analysis (Portland
Water Bureau 2010), the Pb particles remained at the
bottom of the original container and were not trans-
ferred. In the experiments with Pb pipe (Test 3) when
the two bottles were preserved and subjected to mix-
ing, the water transferred to the smaller container only
contained 58 (Pb pipe 4) to 97 % (Pb pipe 5) of the Pb
detected in the original sampling container (Fig. 3,
bottom). For these samples, subsequent determination
of total leachable Pb even with very strong acid (2 %
(v/v) HNO3 after 96 h) did not increase recovery of Pb
(data not presented herein).

In a similar test with water samples collected from
experiments of leaded brass (Test 4), a similar result was
obtained, in that water samples in the original container
always had more Pb. Specifically, water remaining in
the original container had 50 (Brass 2) to 100 % (Brass
4) more Pb if the transferred portion received a relatively
less rigorous preservation treatment (Test 4.a, Fig. 4,
top). Water remaining in the original container had 42
(Brass 2) to 65 % (Brass 1) more Pb, even when the
other transferred half received a more rigorous and
heated preservation treatment (Test 4.b, Fig. 4, bottom).
Similar trends were observed in Pb pipe samples from
Test 4, although Pb concentrations were much higher in
the Pb pipe water samples (up to 424 ppb for transferred
samples and 2189 ppb for remaining samples), com-
pared with those from brass materials (up to 30 ppb for
transferred samples and up to 771 ppb for remaining
samples) (Fig. 4).

Overall, the act of transferring water from one
bottle to another created large errors in quantification
of Pb, even if samples were transferred immediately
upon collection. These errors potentially arose from
very rapid sorption of soluble Pb ions to the walls of
the original sampling containers, or from rapid settling
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Fig. 3 Illustrative tap water sampling instructions issued to cus-
tomers of a large US city specify sample transfer to a smaller
container for mailing and subsequent Pb quantification, after thor-
ough mixing of original sample (top left). Pb-containing particles
from laboratory experiment, which settled at the bottom of original
sampling container (Test 3—Pb pipe 5), did not transfer to the
smaller container for quantification and would have been

discarded under these instructions (top right). Total Pb quantifica-
tion in transferred samples (which would have been analyzed
under the instructions) and in remaining water samples (which
would have been discarded under the instructions), from a labora-
tory experiment utilizing Pb pipes on a logarithmic scale (Test 3,
bottom). These samples can be considered “worst case” because
they are highly contaminated
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of particulate Pb in the original containers (which was
visually obvious in one instance, see Fig. 3).

Implications for AL monitoring and compliance under
the LCR. Limitations in Pb recovery, due to insuffi-
cient acid preservation and/or mixing (Tests 1, 2),
might be causing Pb hazards in worst-case water sam-
ples to be underestimated, during routine utility mon-
itoring under the LCR. Despite these noted limitations
of the EPA standard protocol under the worst-case
scenarios examined herein, the protocol is adequate
for the majority of situations where Pb-in-water is
present at lower levels and in the dissolved/colloidal
form (Lytle et al. 1993; Triantafyllidou et al. 2007). In
addition, even for the worst cases of high particulate
Pb levels, potable water samples have yet to be col-
lected that tested below the 15 ppb AL if bottles are
mixed (Triantafyllidou et al. 2007). The AL therefore
has usefulness in detecting hazardous taps, and com-
pliance would only rarely be affected by the limita-
tions discussed, as long as the bottles are completely
mixed after adding the acid preservative. Furthermore,
EPA instructions under the LCR mandate that samples
are preserved inside the original sampling container,
making any limitations by the act of transfer (Tests 3
and 4) irrelevant to AL monitoring and compliance.

Implications for customer sampling, environmental
assessments of Pb-poisoned children, monitoring at
schools and day care centers. The above issues

become more important for customer or school/day
care sampling, and for environmental assessments of
Pb-poisoned children, which do not fall under the
LCR compliance sampling requirements. In those sit-
uations, often involving the most sensitive population
groups at risk of worst-case exposure, application of
the standard EPA protocol (or its modifications) after
transfer, might miss the true extent of the Pb-in-water
hazard, if present. Depending on the form (dissolved
or particulate) and level of Pb contamination, sam-
pling conducted with modified instructions involving
transfer of part of the original water sample into a new
container for quantification might “miss” a large per-
centage of the Pb present (Tests 3 and 4). Even though
they are not employed for regulatory compliance pur-
poses, assessment of human exposure threats using
such protocols is a significant and under-appreciated
concern.

Even more important is the monitoring of Pb in
water at homes of Pb-poisoned children. In these
worst-case situations, where a Pb hazard is likely
present, rigorous sampling for Pb in water at mul-
tiple taps may be required. Health agencies typical-
ly follow some of the LCR instructions to conduct
water sampling at the affected children’s homes.
But if water is the dominant, or a contributing
factor, to the children’s Pb exposure, standard sam-
ple preservation might not always be sufficient to
quantify all the Pb in water. Indeed, many recent
cases of childhood Pb poisoning in the US involved
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Fig. 4 Total Pb quantification in transferred samples and in
remaining water samples, from laboratory experiment utilizing
brass coupons and Pb pipes (Test 4). These samples can be
considered “worst-case” because they are highly contaminated
with Pb. After one sampling event, the transferred samples were
preserved with 2 % HNO3 under heated conditions while the

remaining samples were preserved with 0.15 % HNO3 at room
temperature (Test 4.a, top). In the subsequent sampling event,
preservation procedures were switched between the transferred
and the remaining water samples (Test 4.b, bottom). Regardless
of preservation procedure, the original sample container always
had more Pb quantified in water
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particulate Pb in water, ranging from hundreds to
thousands of ppb (Triantafyllidou and Edwards
2011a). Those concentrations are not much differ-
ent from the ones examined in this study, for which
standard preservation in combination with insuffi-
cient sample mixing (Tests 1 and 2) or with sample
transfer (Tests 3 and 4) “missed” much of the Pb
present in water.

Other considerations. Aside from the specific sample
preparation techniques examined herein, other sample
pre-treatment steps might also be contributing to un-
derestimation of Pb hazards in water (Table 2). Those
issues also deserve investigation, and are further com-
plicated by certain inconsistencies between approved
protocols, some of which are resolved by the mandates
of the Code of Federal Register that takes precedence
(Table 2).

Another area of concern is analytical instrument
limitations (i.e., type 3 of potential deficiencies
mentioned in the Introduction of this paper). For
example, Pb quantification in water of US schools/
daycares is voluntary, and does not fall under the
umbrella of the federally mandated LCR. In the
absence of explicit analytical requirements, schools
and daycares may employ anodic stripping voltam-
metry for Pb quantification (Goebel et al. 2004)
without performing sample acid digestion. The
federally mandated LCR requires acid digestion
(Table 1), acknowledging that DPASV only meas-
ures dissolved Pb and not particulate Pb, and that
all Pb in the sample has to be first rendered soluble
so that it can be quantified by DPASV. But even if
a sample is completely digested and all the Pb
solubilized, the EPA-approved DPASV method
requires neutralization of the sample pH before
analysis (Palintest 1999). There are certain circum-
stances in potable water, where neutralization of the
sample pH may defeat the purpose of the original
digestion, because certain Pb solids might re-
precipitate through reactions with compounds such
as phosphate, or Pb can sorb to the walls of the
container. If precipitation and/or sorption were to
occur, anodic stripping voltammetry is anticipated to be
subject to a large error in quantifying Pb under EPA-
approved procedures. Overall, the practicality and logic
behind usage of DPASV on-site analyzers for total Pb
determination (for compliance reasons or otherwise)
warrants future investigation.
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