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ABSTRACT: A novel method for quickly and quantitatively measuring
aqueous lead in drinking water has been developed. A commercially
available activated carbon felt has been found to effectively capture lead
from tap water, and partnered with X-ray fluorescence (XRF) spectrometry,
it provides quantitative measurement of aqueous lead in drinking water.
Specifically, for a 2 L volume of tap water, the linear range of detection was
found to be from 1�150 ppb, encompassing the current EPA limit for lead
in drinking water (15 ppb). To make a reproducible and easy to use method
for filtering, a 2 L bottle cap with a 1.25 cm diameter hole was used for
filtering. Utilizing this filtration method, 75 solutions from 0 to 150 ppb lead
gave a 91% sensitivity, 97% specificity, and 93% accuracy, and all the
misclassified samples fell between 10 and 15 ppb. This method has also
proved reliable for detecting calcium as well as several other divalent metals
in drinking water including copper, zinc, iron, and manganese.

■ INTRODUCTION
It has been well documented that lead has detrimental effects
on human physiology.1�3 Given recent events such as the Flint
and Newark water crises,4�7 lead in residential drinking water
obviously remains a predominant exposure concern in many
U.S. locations. Most lead in tap water comes from the historic
infrastructure of lead plumbing. Lead plumbing was used until
its ban in 1986, and based on age of home, approximately 62%
of the U.S. housing stock may still contain lead plumbing
today.8 Given that there are about 129 million residences in
the U.S. alone, this means there may be as many as 80 million
households that should be screened for lead in their drinking
water. Typically, lead in tap water is analyzed with inductively
coupled plasma (ICP). This method, while very accurate and
widely accepted for testing metals in water, is expensive
(typically >$150,000 USD capital cost),9 and time-consuming
when there are tens of thousands of residences to be screened
with different aqueous matrices for which to compensate.
Thus, to screen the millions of residences that are predicted to
have legacy lead piping in the U.S., ICP methodology is too
expensive and inaccessible to be feasible. For these reasons,
faster ways to screen drinking water for lead at environmentally
relevant concentrations are needed.

There have been efforts to develop methods that would
allow for water to be analyzed via X-ray fluorescence (XRF)
spectrometry, which can be performed with a portable
instrument that typically costs <$50,000 USD. Because the
sensitivity of a typical XRF is too low to measure aqueous lead
in solution at 15 ppb and X-rays are dramatically attenuated by
water, some type of preconcentration or sample treatment is

necessary for drinking water samples. Common preconcentra-
tion methods can involve evaporation, freeze-drying, precip-
itation reactions, electrodeposition, liquid�liquid extraction,
liquid�solid extraction, or extraction using filters or solid-
phase extraction disks.10�12 However, the previous methods
that give adequate preconcentration of lead in drinking water
are unsuitable for sample collection by untrained home
residents. For example, solid phase extraction disks such as
3M Empore disks need preliminary washing in acid to activate
the disks,12 and they are not porous enough for rapid gravity
filtration. In order to make water sampling easy enough to
consider for use in a home lead screening kit,13 we were
inspired by the successes of activated carbon filters as a method
for removing lead and other metals from water in home water
purification systems.14�19

We report here that gravity filtration on a commercially
available carbon felt material effectively captures lead and
several other metals, yielding total quantities of lead that can
be quantitatively read by scanning the carbon felt with a
portable XRF. This preconcentration method uses a carbon felt
that requires no activation steps and no laboratory equipment
and takes about 5 min. The linear range encompasses the EPA
level of concern (15 ppb) and is robust with respect to matrix

Received: November 6, 2019
Accepted: February 26, 2020
Published: February 26, 2020

Articlepubs.acs.org/ac

© 2020 American Chemical Society
4949

https://dx.doi.org/10.1021/acs.analchem.9b05058
Anal. Chem. 2020, 92, 4949�4953

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
N

O
T

R
E

 D
A

M
E

 o
n 

Se
pt

em
be

r 
28

, 2
02

0 
at

 2
0:

57
:1

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meghanne+Tighe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Margaret+Bielski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Wilson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="George+Ruscio-Atkinson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Graham+F.+Peaslee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marya+Lieberman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marya+Lieberman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.9b05058&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b05058?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b05058?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b05058?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b05058?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b05058?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancham/92/7?ref=pdf
https://pubs.acs.org/toc/ancham/92/7?ref=pdf
https://pubs.acs.org/toc/ancham/92/7?ref=pdf
https://pubs.acs.org/toc/ancham/92/7?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.9b05058?ref=pdf
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf


effects from the water. We propose that this method could be
used by regulatory agencies to screen for elevated lead in tap
water rapidly on site, or could be developed into a broader
“citizen science” approach where residents collect and filter the
samples themselves and send the filter to an XRF facility for a
low-cost analysis. Combined with a sample collection kit that
can screen dust, paint, and soil samples for lead by XRF,13 this
will make the most comprehensive lead screening tool for
residents to date.

■ MATERIALS AND METHODS
Sample Preparation and Filtration. Lead solutions were

prepared from a 1000 ppm lead ICP standard (Pb2+) diluted
with tap water or deionized water. The University of Notre
Dame has very hard tap water with greater than 500 mg/L
total dissolved solids; the water quality report is provided in
the Supporting Information (SI). Lead in this tap water was
below the detection limit of our inductively coupled plasma
optical emission spectroscopy (ICP-OES) (1 ppb). Solutions
were prepared in an empty 2 L beverage bottle in
concentrations ranging from 0 to 1000 ppb. A filter cap
makes the filtering process more reproducible while also
increasing the signal by restricting fluid flow to the center of
the filter. A 1.25 cm diameter hole was drilled through a bottle
cap sized to fit the beverage bottle and a 2.54 cm (1 in.)
diameter circle of activated carbon felt (ACF 1600,
CeraMaterials) was secured inside the cap under a plastic
washer. All components were tested prior to use with the XRF
and were below the detection limit for lead. The cap, filter, and
washer were screwed onto the 2 L bottle, the bottle was
inverted, and a hole was poked with a safety pin in the bottom
of the bottle to break the vacuum lock. The bottle was then
allowed to drain completely, which takes 5 min. The bottle was
not squeezed to speed up flow, as this was found to decrease
measurement precision. The filters were then directly analyzed
with a hand-held SciAps X-100 XRF. Both sides of the filters
were analyzed. As the filters were damp upon first analysis, we
dried them by heating for 30 min in a 100°C oven and
remeasured them in triplicate after drying.

Preparation of Samples at Different pH Values. To
study the effects of water pH on the filter’s ability to effectively
capture lead, 2 L solutions of 50 ppb Pb were prepared at pHs
ranging from 2�12, in 0.5 increments at neutral pHs (5�9)
since that is more likely where the pH of drinking water
samples will lie. The pH was measured using a pH probe
(Mettler Toledo) and adjusted with either 5% nitric acid or 5%
ammonium hydroxide until the desired pH was reached.

XRF Analysis. The samples were analyzed with a hand-held
SciAps X-100 XRF spectrometer which was calibrated daily
with an alloy cap and regularly checked against NIST
standards. This particular XRF spectrometer, designed for
soil lead measurement, has a 40 kV Au anode, 20 mm2 silicon
drift detector and is commercially available for <$30,000. The
instrument was run in “soil” mode during analysis and was
configured to measure 26 elements simultaneously. The
elements measured and their relative limits of detection (in
ppm) are listed together with the operating parameters in SI
Table S1. The limit of detection for lead was 3.1 ppm on this
instrument (SI). The beam was centered on the filter, as the
lead levels are at a maximum in the central part of the disk.

ICP-OES Analysis. ICP-OES analysis was performed on a
PerkinElmer Optima 8000 instrument. All samples were
prepared in 5% nitric acid. Measurements were taken with

both axial and radial viewing optics with three replicate
measurements, with yttrium as the instrument’s internal
standard. Operating parameters for these analyses are listed
in the SI. The detection limit for lead in water with axial
viewing optics was 1 ppb (SI).

■ RESULTS
The current EPA limit for lead in drinking water is 15 ppb,
much too low to be directly observed by XRF in aqueous
solutions. We found that when a 2 L bottle is filled with tap
water and is gravity filtered through activated carbon felt, the
lead is quantitatively captured by the carbon filter. By
concentrating the lead approximately 10 000 fold, this simple
filtration produces concentrations of lead that can easily be
read with a portable XRF at environmentally relevant
concentrations.

To test this filter extensively, 75 samples ranging between 0
and 150 ppb were prepared and filtered through the activated
carbon felt. All the samples were analyzed immediately after
filtering and were damp upon first analysis. We then dried
these filters fully and remeasured (Figure 1). After drying we
observed a 7.5 fold increase in XRF reading from the damp
filters (SI Figure S1). This is due to the attenuation of X-rays
in water which dramatically decreases the signal intensity. The
error bars represent the variability in the measurements of each
individual filter, which were each run in triplicate. The results
of this method were the same for tap water and deionized
water, suggesting that the other elements present in tap water
are not interfering with the analysis. For each sample, both
sides of the filters were analyzed, and the side of the filter did
not give different results for this experiment. However, some
water samples collected from different sources contained
particulates which resulted in different readings between the
sides of the filters with the side containing the visible
particulates always giving higher readings. To ensure that
particulate lead was being captured by the XRF, both sides of
the filter were measured.

Based on the calibration line shown in Figure 1 for the XRF
readings from dried filters, we evaluated the accuracy of this
method for detection of water samples above and below the
EPA limit of 15 ppb. For the 75 lead concentrations ranging
from 0 to 150 ppb, values on the y-axis above 190 ppm were
scored as exceeding the EPA standard. This threshold was
calculated by using the linear regression equation to calculate
the XRF reading (y) at 15 ppb (x). The sensitivity for this
classification was 97%, the specificity was 91% and the overall
accuracy was 93%. All the misclassified samples were between
10 and 15 ppb, and none of the blank samples (N = 16)
containing 0 ppb lead gave any lead signal on the XRF. This
method was also tested on 15 residential water samples from
homes around South Bend, IN. All residential samples showed
no detectable lead with the XRF method, and ICP-OES
analysis confirmed this with lead levels below the detection
limit of 1 ppb.

To find where the filter saturates, leaded standards from 5 to
1000 ppb were prepared in deionized water, filtered, and
analyzed with XRF. As can be seen in Figure 2, above 200 ppb
this method no longer gave a linear response as the filter
became saturated.

To measure the capture efficiency, samples in the linear
range were analyzed with ICP-OES before and after filtration.
Below 100 ppb the capture efficiency was found to be 100%,
meaning that the solutions after filtering contained no
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detectable lead; at 150 ppb the capture efficiency decreased to
90%. To further confirm capture efficiency, carbon filters that
had been used to filter 25 and 50 ppb solutions were soaked in
5% nitric acid and the solution was then analyzed with ICP-
OES. They gave 98.1% and 96.9% recovery, respectively.

The strong effect of pH on adsorption yield was evaluated
by filtering 50 ppb lead solutions with pH values from 2 to 12.
Solutions were made in closer pH increments in the neutral
pH range (5�9) because this is where most drinking water
samples should fall. Adsorption of lead on activated carbon
fails in acidic conditions (Figure 3). At pH 2 the activated
carbon did not capture any Pb from solution, and at pH 4 the
carbon felt captured less than half the Pb from solution. This
pH dependent adsorption behavior means it is feasible to
quantitatively recover lead that is adsorbed to the filter by
soaking in 5% nitric acid. Above pH 5, however, nearly all the
lead was captured by the activated carbon felt.

Other divalent ions were consistently measured in the tap
water with this method, including calcium, copper and zinc.
These results and plots can be found in the SI. The activated

carbon felt was also tested for its ability to bind other metals
that are regulated in drinking water. Arsenic, chromium, and
cadmium were all tested as possibilities by filtration of 2 L
volumes of 100 ppb solution, followed by XRF analysis. As
none of the targeted metals were picked up with the XRF, this
was not pursued any further as the EPA limits for these metals
are 10, 100, and 5 ppb, respectively. Other activated carbon
materials were tested (see SI Section 3) but proved less
suitable for preconcentration of lead in tap water.

■ CONCLUSIONS
Collection, acidification, transportation, and subsequent ICP
analysis of water samples together with internal or external
aqueous standards is the gold-standard for sensitive and
accurate measurements of aqueous lead in drinking water.
However, it is not cost-effective or scalable to use ICP analysis
to screen U.S. residences on a scale commensurate with the
number of residences that contain lead plumbing, even in
communities that are undergoing urgent “episodes” of lead
contamination. Typically, not every residence can be tested
quickly enough to give people confidence in the safety of their

Figure 1. (Top) XRF reading (ppm on filter) as a function of
concentration of lead (ppb in water) after fully drying filter. The red
line shows the EPA limit of 15 ppb and the blue dotted line shows the
calculated XRF threshold of 190 ppm. (Bottom) Zoomed in region
near the EPA limit of 15 ppb (red line) for lead in drinking water. The
16 negative control samples all read below detection limit on the XRF.

Figure 2. Saturation curve demonstrating the linear range for lead
capture and where lead fully saturates the filter. The linear range is
found to be below 150 ppb Pb for a 2 L volume.

Figure 3. pH Effects on the recovery of lead on the carbon felt.
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drinking water. Screening solid samples (the carbon filters
soaked with 2 L of tap water) by XRF is more accessible and
less expensive per sample than screening water samples with
ICP and avoids the many of the problems and costs associated
with transporting large numbers of acidified water samples.

The preliminary results shown here for deionized water
samples as well as very hard tap water samples indicate that
following preconcentration on carbon felt, modern XRF
analysis can adequately screen drinking water samples for
environmentally relevant concentrations of lead. In addition to
creating a new capability for screening water samples in home
(which ICP cannot do), this sample collection method is a
good fit for large scale citizen science projects to monitor water
quality in thousands or tens of thousands of homes. Our XRF
costs $25,000, which is about 10�15% of the cost of an ICP
(OES or MS). At that rate, one could buy 10 XRFs for the
same cost as one ICP and get a much larger sample
throughput. We note that for quantification with this method
it is necessary to perform a full calibration curve on the user’s
particular make and model of XRF, since each XRF will
perform differently and will likely output different numerical
results than what we report here. Each XRF uses its own
unique matrix correction and calibration software20 and
because of this, the apparent lead concentration measured in
units of ppm should not be taken literally, as in this study a soil
calibration was used and the carbon filters are a different
matrix. For this reason, the measurements from the XRF were
calibrated by filtering known solutions of lead, drying the
filters, and analyzing the lead levels. Going forward, if this
method becomes widely used, a matrix correction specific to
these activated carbon filters and calibration could be built into
XRF software on portable devices.

The filtration and initial XRF screening could be done on
the spot during a home lead hazard assessment. For
quantification, the drying step increases the signal dramatically,
so it is worth the extra time to ensure the filter is completely
dry before analysis for quantitative results. For this reason, we
envision an alternative model of screening the filters at a
central location along with other samples from the home
(paint, soil, and dust) collected by the home resident. For
either testing model, this carbon felt filtration method could be
used to rapidly screen large numbers of water samples in
communities that are subjected to high levels of lead in their
drinking water. The capacity to recover and test the adsorbed
lead by ICP allows reanalysis of selected samples by an EPA
approved method, if desired. If residents supply their own 2 L
beverage bottle, the cost of the materials is just $0.05 and XRF
analysis is approximately $0.50 per sample (not including the
initial cost of purchasing an XRF). Public health departments
may already have XRF instruments that are suitable for this
test, in which case the costs of implementing this method at
large scale would be very modest.
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