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ABSTRACT: Lead in drinking water remains a significant human Failed to measure lead when: Measured lead when:
health risk. At-home lead in water test kits could provide consumers Low i Samples pre-treated

9 5 3 O , dissolved PENTBUELEE with household _acids
with a convenient and affordable option to evaluate this risk, but their S

accuracy and reliability is uncertain. This study examined the ability of
at-home lead test kits to detect varying concentrations of dissolved and
particulate lead in drinking water. Sixteen brands representing four test
kit types (binary color, binary strip, colorimetric vial, and color strip)
were identified. Most kits (12 of 16 brands) were not suitable for
drinking water analysis, with lead detection limits of 5—20 mg/L. Binary
strips detected dissolved lead at drinking water-relevant levels but failed
to detect particulate lead. Household acids (lemon juice and vinegar)
improved the strip’s ability to detect lead by dissolving some of the lead
particulates to the point soluble lead exceeded 15 ug/L. These results illustrate the applications of at-home testing kits for drinking
water analysis, highlight limitations and areas for possible improvement, and put forth a testing protocol by which new at-home lead
test kits can be judged.
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1. INTRODUCTION technologies have lower capital costs than laboratory testing,
costs can still be significant when factoring in the price per

Lead in drinking water remains a significant human health risk,
sample (about $10 plus labor cost) and the portable ASV unit

as evidenced by recent cases of water-related elevated blood

lead'™ and thousands of community systems with Lead and cost (about $1000-2000)."""" Moreover, the US Environ-
Copper Rule (LCR) violations.” There are well-known mental Protection Agency (US EPA) recommends that users
weaknesses in the protection offered to individual homes exercise caution when choosing a field testing technology, as
under the LCR. Weaknesses include improper sampling some analyzers use dangerous consumables and reagents, and
methods and analytical procedures that can miss water lead require technical skills. This makes them better suited for
hazards, as well as the provision that allows up to 10% of the researchers and utilities, so they are not recommended or are
high risk homes tested to have very high water lead without poorly suited for use by residents.'”'”"* In contrast, low-cost
triggering public notification.”” Although problems with high commercially available at-home lead in water test kits may
lead at a given tap are frequently viewed as government or provide a good alternative for consumers; however, there has
regulatory failures, it is important to note that the LCR was not been limited research into their efficacy, so their accuracy and
designed to protect every consumer at every tap—rather, it reliability are uncertain. Several organizations (e.g., Good
aims to reduce the ma%r}itude and frequency of lead in water Housekeeping Institute, Consumer Reports) have evaluated
problems systemwide.”*” This leaves residents with a share of these commercially available at-home kits, but these are not
the responsibility to identify and address their lead in water systematic evaluations and they failed to evaluate the expected
problems. problems associated with detecting particulate lead."*"
Portable and consumer-centric tools are urgently needed to Distrust of drinking water quality, which increased in the

enable residents to meet that responsibility, but there is an
important balance between convenience and data quality that
must be understood.'"” On-site testing using spectrophoto-
metric, fluorescence-based methods and anodic stripping
voltammetry (ASV) analysis has been explored because of
their portability, fast results, relative ease of use, and low
costs.'’~'> However, these tests may be subject to interfer-
ences from other analytes in water and may not detect
particulate lead without adding an acidification step, thereby
underestimating total lead in drinking water.”'°~"* While these

aftermath of the Flint water crisis, has resulted in tap water
avoidance which has significant health and economic
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Figure 1. Phases of lead in water testing used to evaluate test kits” ability to detect or measure dissolved and particulate lead.

implications.'®™"® The use of a low-cost, accurate at-home lead

in water test kit could increase the confidence in tap water
quality and help address water insecurity in at-risk
communities. This study explored the accuracy and precision
of commercially available at-home lead in drinking water test
kits when exposed to varying water conditions. Specifically, the
objectives of this study were to (1) identify available at-home
test kits that measured lead in water; (2) examine the ability of
test kits to detect different concentrations of dissolved and
particulate lead in water; and (3) characterize the ability of test
kits to detect solder particles, reported to be relatively
recalcitrant,'” exposed to water with different corrosion control
treatments. This is the first scientific study assessing the
accuracy and precision of a range of available at-home lead in
water test kits that are commercially available and in use
despite the lack of scientific validation or certification.
Moreover, as new test kits become available, the testing
protocol outlined in this study can serve as a metric to ensure
that the kits can accurately detect lead in drinking water.

2. METHODS

2.1. Test Kit Selection. An Amazon search for “water lead
test kit” was performed on May 9, 2018. This search yielded
347 products, of which 122 (35.1%) measured lead in water
(Supporting Information Figure S1). After removing dupli-
cates, 34 unique test kits were identified. This study examined
at-home test kits, so spectrophotometric (n = 1) and mail-away
tests (n = 8) were removed. The remaining test kits were
categorized into four groups (Figure S2): (1) binary strips (n =
8), which indicate lead detection based on the appearance of
lines, and color-based tests including: (2) colorimetric vial tests
(n=1), (3) binary color tests (n = 1), and (4) color strips (n =
15), which indicated lead detection or concentration based on
color changes. Four brands of color strips would have been
included but were not available at the time of purchase. Upon
purchase, we discovered that seven of the binary strip brands
had identical interior packaging (S of one type and 2 of
another type). This suggested that the same testing materials
were being used among several brands; therefore, three brands
were chosen to represent the three unique binary strip testing
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materials identified. The remaining 16 test kits were evaluated:
3 binary strip, 1 colorimetric vial test, 1 binary color test, and
11 color strip brands. The detection levels of these test kits
were 15, 20, 5000, and 20,000 pg/L, respectively.

2.2. Testing Approach. Testing was performed according
to the manufacturers’ instructions. Each brand was tested in
triplicate, and one blank control was included for each water
condition per phase (Figure 1). The base water condition was
a modified version of the NSF/ANSI 53 pH 8.5 water,”’ with
dissolved lead added as Pb(NOj;), and particulate lead as
described below. Testing was conducted within 1 h of adding
dissolved lead and 30 min of adding particulate lead. To
determine the accuracy and precision of the test kits, a tiered
testing approach was developed. Specifically, the test kits were
exposed to high dissolved lead (Phase 1) and, based on their
performance, were exposed to low dissolved lead (Phase 2A)
or solder particles (Phase 2B). Kits that were successful in
Phase 2A were tested in Phases 3—5 with particulate lead.

Six participants were recruited to read measurements for the
high dissolved lead experiments (Phase 1). Results for lead
concentrations were calculated based on the average of the
triplicate tests for each of the participants. Only one participant
read results for the other experiments (Phases 2—5), which
focused primarily on the binary strips. Overall, participants
were not confident in their ability to read the lead
measurements (Section S1), but the binary strips had
consistent readings among participants based on the
presence/absence metric.

2.2.1. Dissolved Lead. All 16 test kits were evaluated in
Phase 1 to determine if they could measure or detect a
relatively high dissolved lead concentration (150 pg/L). The
four test kits (1 colorimetric vial test and 3 binary strip brands)
that accurately characterized high dissolved lead were then
evaluated in Phase 2A to determine if they could detect low
dissolved lead (S, 10, and 20 pg/L) near the US EPA action
level.

2.2.2. Particulate Lead. The 12 test kits that did not
accurately characterize high dissolved lead in Phase 1 (1 binary
color and 11 color strip test brands) were evaluated in Phase
2B to determine if they could measure or detect an extremely
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Figure 2. Metal composition for one particle sample of each type (S mg dry particles added to 1 L of water or particles collected in water) based on
the total recovered particle mass. Data labels are not included for metals that represent <5% of the particle composition.

high level of particulate lead, which was well above their
detection limits. Lead solder particles were added to the base
water to produce a lead concentration of 50 mg/L.

Three binary strip brands detected low dissolved lead in
Phase 2A, but only one brand (Brand 1) was selected for
testing in Phases 3 and 4, to determine if the binary strips
could detect various types of particulate lead in water. Brand 1
was selected for this additional testing because it consistently
detected lead at 10 pug/L.

All particle samples, except for the particles from Cicero, IL
(Fe—PO,), were collected as dry particles from pipe surfaces
and added (5.0 + 0.8 mg) to 1 L of the base water amended
with 1 mg/L phosphate as P to reduce dissolution in water.
The Cicero, IL particles were tested in the municipal tap water
in which they were collected, which had a phosphate
concentration of 0.31 mg/L as P. Representative lead particles
(range of % lead content of total recovered particle mass from
n = 3—4 samples; particle name) were derived from (1) lead
pipe from a laboratory experiment (92 — 99% Pb; Pb);*' (2) a
solder joint extracted from a Flint, MI home (42—70% Pb;
Pb—Sn); (3) lead pipe from Washington, DC (55—67% Pb;
Pb—Fe); (4) lead pipe from Buffalo, NY (23—30% Pb; Al—Pb-
1); (5) lead pipe from Flint, MI (9—27% Pb; Al-Pb-2); (6) a
water sample from Cicero, IL (3—14% Pb; Fe—PO,); and (7)
a galvanized iron pipe from resident zero in Flint, MI (0.8—
1.4% Pb; Zn—Fe)** (Table S1; Figure 2). The total recovered
particle masses across all samples were 24—97% of the total
particle mass added, with the remainder attributable to
incomplete particle dissolution and/or mass from constituents
such as oxygen and carbon that were not detected (Table S2).
To illustrate the variable composition across particle types,
Figure 2 presents the composition and mass recovery for one
of the 3—4 samples per particle type used in this analysis.
Section S2 provides an overview of particle characterization to
determine lead content.

Particle size distributions were determined for dry particles
via Raman atomic force microscopy (WITec AFM-Raman).
Images at 4X and 40X magnifications were analyzed using
Image] software (National Institute of Health) to count
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particles of varying sizes, with a threshold of four pixels to
reduce image noise resulting from color threshold adjustment.
Representative images for dry particles from Phases 2B and 3
are presented in Figure S3.

Since the binary strip could not detect lead particles,
experiments were conducted to determine if common
household acids (i.e., vinegar and lemon juice) could improve
detection by dissolving lead particles in Phase 4. A dose of 41
mL of lemon juice or vinegar per 1 L of the water condition
was added and digestion occurred for 1 h and 24 h.

2.2.3. Case Study. Lead solder particles are sometimes more
difficult to dissolve than other lead particles.'” Therefore, lead
particles were formed by exposing lead solder to a base water
with different types of phosphate inhibitors, and binary strip
detection was evaluated with and without at-home dissolution
(Phase S). Finished drinking water from the Kankakee River
(Table S3) was used to create a more realistic relationship
between dissolved and particulate lead observed in drinking
water. In brief, finished drinking water was shipped to Virginia
Tech, where it was blended with synthetic water in a 2:1 ratio
and the pH was adjusted to 8.2. Incorporating the synthetic
water increased the chloride to sulfate mass ratio to 0.76,
which created a water condition scenario with higher potential
for galvanic corrosion.” Lead solder joints were exposed to the
blended water with five CCT strategies: (1) polyphosphate
(0.8 mg/L as P); (2) polyphosphate with nitrate (0.8 mg/L
polyphosphate as P, 3 mg/L nitrate); (3) orthophosphate (1
mg/L as P); (4) 90:10 orthophosphate/polyphosphate blend
(1 mg/L as P); and (5) zinc orthophosphate (0.5 mg/L Zn
and 1 mg/L orthophosphate as P). In addition, an amended
control (blended water with no inhibitors) and an unamended
control (finished drinking water with no inhibitors) were
analyzed. Prior to sampling, all coupons were conditioned
using a daily dump-and-fill protocol for (1) four days with pH
8 water with 2 mg/L chlorine as Cl, and an alkalinity of 500
mg/L as CaCO; from sodium bicarbonate, (2) 12 days of
conditioning using finished drinking water, and (3) 36 days of
conditioning using their water condition. After conditioning, a
composite water sample was collected from each water
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condition (n = S coupons per condition, n = 10 coupons per
control) for testing.

2.2.4. Validity of Binary Strip Test Kits. Sensitivity,
specificity, and accuracy were calculated for all binary strip
tests. Sensitivity represented the number of correctly identified
positive lead results (ie, >15 pg/L) divided by the true
number of positive results (true positive + false negative).
Specificity represented the number of correctly identified
negative lead results (i.e, <15 ug/L) divided by the true
number of negative lead results (true negative + false positive).
Accuracy represented the total number of correctly identified
lead results divided by the total number of tests. In total, 141
tests were conducted in Phases 1—5, with 113 tests of Brand 1
and 14 tests of Brands 2 and 3 each. Seven kits were removed
because of inconclusive readings. These parameters were
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calculated for tests exposed to only dissolved lead (Phases 1
and 2A), only particulate lead (Phase 3), and both dissolved
and particulate lead (Phases 4 and S). Results were then
calculated for all binary tests (n = 134) considering only
dissolved lead concentrations and then total lead concen-

trations.

2.3. Analytical Methods. Base water parameters and
chlorine were analyzed using standard methods.”® To
determine the concentrations of dissolved and particulate
lead, a 10 mL filtered (0.45 pm) aliquot (i.e., dissolved lead)
and total lead sample (i.e., digestion in the bottle to measure all
recovered lead) were analyzed. Particulate lead was defined as
the difference between total lead and dissolved lead
concentrations. Metal analyses of dissolved lead were
performed after filtration and acidification with 2% nitric

https://dx.doi.org/10.1021/acs.est.0c07614
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Table 1. Results from Phases 3 and 4: Particulate Lead Detection and Dissolution Using Weak Acids

time particle % of total recovered particle total lead
treatment (h) type mass” (ug/L)
none <0.5 Pb 92% 4391.5
Al-Pb-1 34% 4959
Zn—Fe 24% 15.0
Fe—PO, - 37.3
Pb—Sn 56% 2041.8
Al-Pb-2 27% 292.0
Pb—Fe 63% 2302.5
lemon 1 Pb 97% 4466.9
juice
Al-Pb-1 43% 501.1
Zn—Fe 35% 14.4
Fe—PO, - 357
Pb—Sn 58% 1781.3
Al-Pb-2 45% 228.1
Pb—Fe 79% 2278.2
24 Pb 97% 4466.9
Al-Pb-1 43% 501.1
Zn—Fe 35% 14.4
Fe—PO, - 357
Pb—Sn 58% 1781.3
Al-Pb-2 45% 228.1
Pb—Fe 79% 22782
vinegar 1 Pb 88% 47334
Al-Pb-1 39% 591.0
Zn—Fe 25% 17.1
Fe—PO, - 344
Pb—Sn 27% 598.9
Al-Pb-2 31% 492.6
Pb—Fe 63% 1920.4
24 Pb 88% 4733.4
Al—-Pb-1 39% 591.0
Zn—Fe 25% 17.1
Fe—PO, - 34.4
Pb—Sn 27% 598.9
Al-Pb-2 31% 492.6
Pb—Fe 63% 1920.4

dissolved lead % dissolved % increase in

(ug/L) lead dissolution” # positive/total
1.3 0% - 0/3
0.5 0% - 0/3
0.4 3% - 0/3
2.8 8% - 0/3
33.7 2% - 3/3
0.4 0% - 0/3
18.5 1% - 3/3
612.7 14% 14% 3/3
70.0 14% 13% 2/3
3.0 21% 18% -
34.0 95% 88% 2/2%
1460.2 82% 80% 3/3
36.5 16% 16% 3/3
869.6 38% 37% 3/3
2782.3 62% 62%

385.2 77% 77% -
13.0 90% 87% -
354 99% 92% -

1698.9 95% 93% -

172.9 76% 76%

1770.2 78% 77% -

43S5.1 9% 9% 3/3
73.4 12% 12% 3/3

0.9 5% 2% -
31.7 92% 85% 2/2%

423.8 71% 69% 3/3
29.8 6% 6% 2/2%

492.7 26% 25% 2/2%

1111.3 24% 24% -

308.0 52% 52% -

4.9 29% 26% -
314 91% 84% -

493.8 83% 81% -

201.3 41% 41% -

926.5 48% 47% -

%% of total recovered particle mass could not be calculated for Fe—PO, particles because they were collected in water. %% increase in dissolution
was not calculated when no treatment was performed since this constitutes the baseline for this calculation. Dashes indicate when test kit testing
was not conducted. *Tested in triplicate, one test was invalid and not included in analysis. Pb: lead; Al: aluminum; Fe: iron; Zn: zinc; Sn: tin; PO,:

phosphate. Bold text denotes dissolved lead concentrations >15 ug/L.

acid for at least 16 h. Total recoverable particle mass was
defined as the sum of the masses of eight metals and
phosphorous (Table S2) in fully digested samples (Section
S2). Metal analyses for total lead and total particle mass
recovered were performed after acidification in the sample
bottle with 2% nitric acid and 2% hydroxylamine and heated to
60—65 °C in an oven for at least one week prior to analysis.”*
Phosphorus and metals were measured using ICP—MS
(Thermo Scientific iCAP RQ ICP—MS) via method 3125
B.*> QA/QC was performed after every 10 samples.

3. RESULTS

3.1. Detecting Dissolved Lead. 3.1.1. Phase 1:
Detecting High Dissolved Lead. When measuring high
dissolved lead in water (150 ug/L), users reported inaccurate
lead concentrations for 12 of the 16 kits (11 color strip brands
and 1 binary color test brand) (Figures 3 and S4; Tables S4
and SS). Users reported no lead in water with three of the
color strip brands, as expected, because the dissolved lead
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concentration was below the lowest measurement increment of
20,000 pg/L. However, users reported substantially more
dissolved lead than was present with 8 of the 11 color strip
brands, with average reported concentrations of 1700—45,000
ug/L (11-300 times higher than the actual value). Users also
reported lead in the blank samples for 6 of these 8 strips
(mean: 16,000 ug/L, standard deviation (SD): 18,000 ug/L).
The binary color strip did not detect lead in water, which was
expected because its detection limit was 5000 yg/L. These 12
kits did not accurately measure or detect levels of lead
considered high in drinking water (10X the US EPA action
level), making them poorly applicable for drinking water
testing. Because of their high detection limits, these kits were
evaluated once again when exposed to extremely high
particulate lead concentrations in Phase 2B (Figure 1).

Users reported detection of lead and more accurate lead
concentrations with the four remaining test kits (1 colorimetric
vial test and 3 binary strips), with an average lead
concentration of 122 ug/L (SD: SO ug/L) when using the
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colorimetric vial test. However, an average lead level of 85 ug/
L (SD: 66 ug/L) was reported in the blank, suggesting that
users had problems distinguishing lead levels. The three binary
strips detected lead when present, which was expected since
lead concentrations were 10 times their detection threshold of
15 ug/L. As these kits accurately measured and detected high
dissolved lead, they were evaluated for detection of lower
dissolved lead in Phase 2A (Figure 1).

3.1.2. Phase 2A: Detecting Low Dissolved Lead. All binary
strip brands detected lead in water when exposed to 20 ug/L
(Figure 4A), which was above the manufacturers’ reported 15
ug/L detection limit. Several replicates among the brands also
detected lead at 10 and 5 pg/L, highlighting some issues with
their precision at low lead levels. The participant could not
accurately measure low dissolved lead with the vial test, since
reported measurements overestimated lead at each concen-
tration (Figure 4B). With the vial test, the participant reported
an average lead concentration of >100 pg/L for lead levels of
5—20 pg/L, including the blank. Although only one participant
recorded measurements, the inability to read low lead levels
was in keeping with the results from Phase 1, where six
participants measured an average of 85 ug/L in the blank. As
the participant could not accurately measure low dissolved
lead, testing of the vial test was not continued. Since all binary
strips performed similarly (ie., detected low dissolved lead
above their threshold), only testing of Brand 1 was continued
in Phase 3 (Figure 1).

3.2. Detection of Particulate Lead. 3.2.71. Phase 2B:
Detecting Extreme Concentrations of Lead Solder Partic-
ulates. None of the color strips or binary color tests could
reliably detect the presence of very high particulate lead (S0
mg/L). The lead concentration was purposefully set very high,
so it was well above all reported method detection thresholds
of 5 and 20 mg/L. These results confirm the expectations that
these kits cannot measure particulate lead. Only one replicate
of the color strip detected particulate lead and that was because
a lead solder particle randomly stuck to the reactive surface of
the strip (Figure SS). As color strips and binary color test
brands could not measure either dissolved or particulate lead at
even very high concentrations for drinking water, testing was
not continued (Figure 1).

3.2.2. Phase 3: Detecting Various Types of Lead
Particulates. A wide array of representative water lead particles
was tested with one brand of binary strip in triplicate. Despite
total lead concentrations above 15 ug/L (15—4392 ug/L;
Tables 1 and S2), the binary strips only detected lead in 2 of
the 7 lead particle samples (Pb—Sn and Pb—Fe). In both of
these cases, the dissolved lead concentrations were above the
detection threshold (15 and 33 pg/L, respectively). The binary
strips failed to detect lead when exposed to the other five
samples, which all had dissolved lead below the detection
threshold (0.4—2.8 pg/L). Similar to the test kits tested in
Phase 2B (Figure 1), the binary strips were unable to detect
particulate lead in water.

3.3. At-Home Dissolution of Particles. 3.3.7. Lemon
Juice Dissolution. Potential dissolution of lead particles using
common at-home acids was explored to improve the accuracy
of binary strips. Dissolution using lemon juice for 1 h (Tables 1
and S2) had mixed results, with dissolved lead representing
14—95% of the total lead. Almost all of the total lead in the
Fe—PO, particles (95%) dissolved after 1 h of lemon juice
digestion. However, limited lead dissolution (<21% of the total
lead) was observed with Pb, Al—Pb-1, Zn—Fe, and Al—Pb-2
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particles. When considering the particle size (Tables S6 and
S7), three particle conditions (Al—Pb-1, Al—Pb-2, and Zn—Fe)
had relatively larger particles, with >47% of the detected
particles having diameters >10 um. The other four particle
conditions (Pb, Pb—Sn, Pb—Fe, and lead solder) had smaller
particles, with >91% of the particles having diameters <10 pm.
Conditions that initially had larger particles represent three of
the four conditions with limited lead dissolution, whereas
greater lead dissolution was found in most conditions with
smaller particles, as per expectations.”> When dissolved lead
levels increased above the 15 pg/L detection threshold, test
kits correctly detected the presence of elevated lead in water.
Dissolution using lemon juice facilitated the detection of five
previously undetected lead particles in this study. Binary strip
testing for the Zn—Fe particle was not conducted because the
total lead concentration was less than 15 ug/L, but lemon juice
digestion did increase dissolved lead levels by 20.8%.
Increasing the lemon juice digestion time to 24 h further
increased dissolved lead concentrations from an average
(range) of 40% (14—95%) after 1 h to 83% (62—99%) after
24 h.

3.3.2. Vinegar Dissolution. When exposed to vinegar for 1 h
(Tables 1 and S2), dissolved lead represented 5—92% of the
total lead. As before, 92% of the total lead in Fe—PO, particles
dissolved, whereas <12% of the total lead in Pb, AI-Pb-1, Zn—
Fe, and Al-Pb-2 particles dissolved after 1 h of vinegar
dissolution. Dissolved lead concentrations increased from an
average (range) of 32% (5—92%) after 1 h to an average of
52% (24—91%) after 24 h. Again, these results demonstrated
that at-home treatment with vinegar improved the ability of the
binary strip to detect particulate lead for five of the particulate
conditions. However, dissolution with lemon juice consistently
yielded greater lead dissolution compared with vinegar
treatment, which is likely due to the lower pH achieved with
lemon juice treatment (pH 3) compared with vinegar (pH
3.5).

3.4. Case Study: Detection of Lead Solder Particles
Formed in Varying CCT Waters. The accuracy and
precision of binary strips were examined using lead particles
generated when lead solder joints were exposed to five
different corrosion control treatments (Tables S8 and S9).
Binary strips detected lead in the controls, polyphosphate, and
polyphosphate with nitrate conditions, which had dissolved
lead above the detection threshold (130.2—443.6 ug/L).
However, binary strips did not detect lead in the
orthophosphate or orthophosphate/polyphosphate blend
conditions because of the low dissolved lead (2.5 and 4.8
ug/L), despite the total lead being above the detection
threshold (20.1 and 17.2 ug/L). Binary strips correctly
indicated no lead in the zinc orthophosphate condition when
the total lead was below 15 ug/L. Overall, binary strips
detected lead in 4 of the 6 conditions where the total lead
exceeded the detection threshold of 15 ug/L.

Lemon juice treatment increased the percent of total lead
that was dissolved in controls, polyphosphate, and poly-
phosphate with nitrate condition (10—63 to 91—-95%), thereby
producing higher dissolved lead concentrations (185.5—530.3
ug/L). However, these conditions had high enough dissolved
lead without digestion to facilitate binary strip detection. As
expected, binary strips did not detect lead in the
orthophosphate or orthophosphate/polyphosphate blend
conditions where the total lead was below 15 pg/L. However,
lead dissolution increased with lemon juice treatment from

https://dx.doi.org/10.1021/acs.est.0c07614
Environ. Sci. Technol. 2021, 55, 1964—1972


http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07614/suppl_file/es0c07614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07614/suppl_file/es0c07614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07614/suppl_file/es0c07614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07614/suppl_file/es0c07614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07614/suppl_file/es0c07614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07614/suppl_file/es0c07614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07614/suppl_file/es0c07614_si_001.pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c07614?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

13—28 up to 67% of the total lead, suggesting this treatment
would improve detection with binary strips if high enough total
lead was present. As before, the use of at-home digestion
increased the dissolution of lead, which tended to improve the
accuracy of the binary strips.

3.5. Binary Strip Accuracy. Binary strips’ inability to
detect particulate lead resulted in lower sensitivity, specificity,
and accuracy (Table S10). Binary strips were 82.1% accurate
when testing water with only dissolved lead (Phases 1 and 2A),
but only 28.6% accurate when testing water with only
particulate lead (Phase 3). When water contained both
dissolved and particulate lead (Phases 4 and $), the accuracy
increased to 89.2%. Overall, in Phases 1—35 binary strips had a
77.6% accuracy rate for total lead detection and 93.3% for
dissolved lead detection. Increases in sensitivity and specificity
were also observed when comparing detection based on total
lead versus dissolved lead (total lead: sensitivity 77.2%,
specificity 78.8%; dissolved lead: sensitivity 97.5%, specificity
87.0%). These results further underscore the limitations of
binary strips in detecting particulate lead.

The relatively high false negative rates observed in Phases 4
and S (10.8%) and overall (17.2%) may also be concerning
because these indicate kits reporting no lead when total lead
concentrations were actually >15 pug/L. While a high false
negative rate (71.4%) was expected for particulate lead (Phase
3), clearly such problems also extend to situations with a
mixture of dissolved and particulate lead. Overall, binary strip
sensitivity, specificity, and accuracy at measuring dissolved lead
in this study were relatively high, but lower accuracy,
sensitivity, and specificity should be expected in situations
where particulate lead is more prevalent. Future efforts should
focus on either reducing such errors or considering how this
error affects usefulness of the tests.

4. IMPLICATIONS

4.1. Engaging, Equipping, and Empowering Consum-
ers in the LCR’s Shared Responsibility Framework. The
1991 LCR was never designed to protect all residents from
elevated lead in drinking water, but instead created a shared
responsibility between consumers and their water suppliers for
mitigating lead in water exposure.””'® Water utilities are
responsible for water quality targets for “optimal” corrosion
control, regulatory monitoring of a few homes, removal of
utility-owned lead service lines, and public education.
Consumers share some responsibilities since lead in drinking
water partly results from lead in privately owned building
plumbing. However, traditionally, implementation of the LCR
has focused almost exclusively on water utilities” responsibil-
ities, and such utility-centric frameworks cannot fully address
issues with lead in drinking water without engaging
consumers.">*** Likewise, private water systems (e.g., wells,
springs) are not regulated by the US EPA, and in these cases,
the sole responsibility for the detection and mitigation of lead
falls on consumers.”® It is necessary to provide consumers with
the tools and resources to identify lead in drinking water risks
when present and instructions for protective interventions.

The availability of affordable, reliable, and accurate lead in
water test kits could help residents identify water hazards and,
in the aftermath of Flint, there are many new tests under
development. While many existing at-home lead in water test
kits are available, most were ineffective at detecting or
measuring lead at drinking water levels. Binary strips, especially
when coupled with at-home weak acid dissolution, reliably
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detected dissolved lead concentrations above 15 pug/L,
suggesting that these kits show a lot of promise. However,
only detecting lead above the existing 15 ug/L detection
threshold may render these kits quickly obsolete, as many
organizations are pushing for lower recommended lead in
water levels, such as the 1 ug/L goal of the American
Association of Pediatrics which has influenced policy decisions,
interventions, and consumer expectations.”” The test method-
ology developed herein could be used as a framework for
vetting the new water lead test kits by developers.

4.2. Particulate Lead is an Emerging Problem in
Drinking Water. Lead particles from solder and pipe scales
are an important source of lead exposure in drinking
water'7**7%° that was not well quantified by at-home test
kits. This is problematic because numerous cases of lead
poisoning have been linked to ingestion of lead particles"* and
many lead problems in the US are being attributed to the
mobilization of particles.'” In some cases, the likely presence of
lead particles may be associated with discoloration, as was
demonstrated through the association of higher lead
concentrations with discolored water because of high co-
occurring levels of iron (e.g., Flint water crisis).”>** However,
iron and lead do not always co-occur in drinking water and, in
many cases, lead particles are not visible to the naked eye (e.g.,
Washington, DC Lead Crisis)," underscorin% the importance
of testing. As with other testing procedures,7’ U12 at-home test
kits in this study failed to detect particulate lead, yielding false
negative results.

Digestion with acids is needed to dissolve lead particles,”
and household acids promoted enough dissolution of some
lead particles to improve the binary strip detection of
particulate lead. In addition to particle composition, variations
in particle dissolution and the fraction of total recoverable
particle mass may be related to unaccounted for particle
constituents, as well as variations in observed particle size and
surface area.”” As expected, in this study, smaller particles
generally exhibited greater dissolution than larger particles.
Some lead particles (e.g., lead(IV) oxides and lead phosphates)
have been reported to be insoluble in weak acid, whereas
others (e.?, lead(IT) oxides) are reported to be more readily
dissolved.”***' Lemon juice and vinegar have been used to
dissolve rust and metals’> and may improve dissolution by
lowering the pH of the solution (pH 3—3.5). Although the
mineralogical identity of particles was not determined, lead
phosphates were likely present in some particles as evidenced
by phosphate >20% of the identified particle mass. The use of
either vinegar or lemon juice for 24 h increased dissolved lead
(relative to the total lead) by 41—92% for these particles. The
relative ease with which lead particles in this study dissolved in
weak acids suggests that some particles previously thought to
be relatively recalcitrant may be more susceptible to
dissolution in weak organic acids than previously thought.
Therefore, at-home dissolution procedures may represent a
relatively safe method to improve binary strip test kit
performance in detecting particulate lead, reducing one of
the main problems of at-home lead in water test kits.

4.3. Strengths and Weaknesses of Binary Strips. This
study demonstrated the critical weaknesses of some test kits,
such as overestimation of lead concentrations and detection
limits that exceed a drinking water-relevant range for a majority
of color-based test kits. Binary strips correctly indicated
whether dissolved lead concentrations were above the 15 pg/L
threshold in 93% of the tests in this study, but failure to detect
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particulate lead was a weakness of the binary strips. At-home
dissolution with lemon juice or vinegar dissolved many
particles enough to increase dissolved lead concentrations to
>15 ug/L, allowing for detection of these particles. These
results demonstrate that binary strips may present a somewhat
accurate and relatively low-cost option ($13—$40 per test) for
at-home testing. Future development focused on reducing the
cost burden of lead testing, as exemplified by a goal to reduce
at-home arsenic testing costs to as low as $0.21 per test,33
could increase accessibility.

Lead in water test kits, similar to at-home arsenic tests, could
benefit from improved ease of use, safety, accuracy, improved
detection limits, and clear endpoints for easy interpreta-
tion.””™** Kits should include information about stagnation
protocols, sample volumes, and flow rates, which are known
sources of error/variation for lead sampling”****” as well as
any additional dissolution steps or updates on regulatory or
public health changes that affect the interpretation of results.
For example, studies of similar binary strips for atrazine
indicated that binary strips may require improvements in
instructional materials or training to allow citizen scientists to
more accurately determine results.”® There is currently no
certification authority to ensure accuracy of at-home lead in
water test kits. In light of this, the sensitivity, specificity, and
accuracy of all test kits needs to be verified under real-world
conditions.
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