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Abstract: Children who rely on private well water in the United States have been shown to be at
greater risk of having elevated blood lead levels. Evidence-based solutions are needed to prevent
drinking water lead exposure among private well users, but minimal data are available regarding
the real-world effectiveness of available interventions like point-of-use water treatment for well
water. In this study, under-sink activated carbon block water filters were tested for lead and other
heavy metals removal in an eight-month longitudinal study in 17 homes relying on private wells.
The device removed 98% of all influent lead for the entirety of the study, with all effluent lead levels
less than 1 µg/L. Profile sampling in a subset of homes showed that the faucet fixture is a significant
source of lead leaching where well water is corrosive. Flushing alone was not capable of reducing
first-draw lead to levels below 1 µg/L, but the under-sink filter was found to increase the safety and
effectiveness of faucet flushing. The results of this study can be used by individual well users and
policymakers alike to improve decision-making around the use of under-sink point-of-use devices to
prevent disproportionate lead exposures among private well users.
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1. Introduction

Private well users in the United States (U.S.) may be at elevated risk of exposure to lead (Pb) in
drinking water than populations connected to community water systems [1]. Pb can leach from borehole
and household plumbing components where groundwater is corrosive [2,3], and is known to interfere
with neurological development in children, even at low levels of exposure [4–6]. However, due to the
fact that private wells are not regulated by the Safe Drinking Water Act (SDWA), elevated Pb levels
and other drinking water contaminants in private well water often go unnoticed [7,8].

In response, a body of research has called for wider implementation of protections for well users
such as increased risk communication to promote well testing [8–12] and removing financial barriers
to implement household and point-of-use (POU) water treatment for Pb [1,13]. However, even where
increased well testing is achieved, knowledge gaps exist around the effectiveness of POU water
treatment devices for well users since few U.S. studies have characterized the effectiveness of consumer
water filter performance in household settings under real-world conditions over extended periods of
time. In a systematic review of 3142 POU drinking water filtration papers, Brown et al. (2017) found
only 15 studies addressing POU filter effectiveness for chemical contaminants in the U.S. or Canada,
only one of which reported data on Pb in private well water [14]. This latter study, conducted by
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Lothrop et al. (2015), surveyed 31 households in rural Arizona obtaining their water from a variety of
sources (community systems and private wells) about their use of water treatment [15]. Among the
participating homes, 13 had a water treatment system of some type (water softener, reverse osmosis
system, or activated carbon (AC) filter), eight of which were connected to private wells. Of the 13 homes
using water treatment, nine were tested for Pb removal effectiveness, although the authors did not
report which of these homes used private well water. Among these nine households, one-time sampling
found that a water softener removed 71% of influent Pb; reverse osmosis systems (n = 4) removed
61–90% of influent Pb; and AC systems (n = 4) showed inconsistent performance. Pb removal in the
four AC filters tested ranged from 31% to −16% (i.e., in one case, the Pb concentration was 16% higher
after the filter than before in one home), but influent Pb levels for these homes were not reported.
In a later study, not included in the review by Brown et al. (2017), Tomlinson et al. (2019) tested
pour-through AC filters for Pb removal from well water in two households in North Carolina. In this
study, 99% of first-draw Pb was removed at the time the filters were distributed, with influent Pb levels
ranging 21–66 µg/L, but the filters were not tested again thereafter [16].

These studies have very limited use in understanding the in-situ performance of POU water filters
for Pb removal in homes relying on private wells. First, the cross-sectional design of both studies does
not allow for changes in filter performance over time to be evaluated. Lothrop et al. (2015) collected
only one-time samples and had no way of evaluating the cumulative volume of water treated by each
device at the time samples were taken, while Tomlinson et al. (2019) only tested the filter effectiveness
at start-up. Second, these studies could not analyze the removal effectiveness with respect to other
influent water quality parameters or usage patterns, which vary greatly among households, given their
limited sample sizes (n = 9 and n = 2, respectively). Third, Lothrop et al. (2015) only considered the
effectiveness of water treatment systems already in place and did not report whether the devices were
certified for Pb removal according to standards for household water treatment products put in place
by the National Sanitation Foundation (NSF) and the American National Standards Institute (ANSI).
Finally, in the study by Lothrop et al. (2015), water samples were collected from household taps after
a two-minute flush in contrast to the U.S. Environmental Protection Agency (USEPA) protocols for
Pb sampling which require first-draw samples from taps after at least a six-hour stagnation period to
represent worst-case exposure conditions [17].

As a result, these previous studies provide little actionable information for individual well users
or state agency personnel charged with providing technical advice to well users. To date, the only
longitudinal evaluations of POU filter effectiveness for metals in private well water in the U.S. have
been tailored to arsenic removal [18–20]. What is more, despite rigorous certification standards put
in place by NSF/ANSI, Pb reduction claims require systems to be tested using highly treated water
adjusted to precise ranges for pH, alkalinity, and hardness which are not characteristic of many
raw groundwaters [21]. Water treatment processes verified under precisely controlled conditions in
laboratory settings or on municipally treated drinking water cannot be assumed to behave the same
when applied in novel contexts, such as private wells.

Thus, there is a critical gap in current literature leaving millions of well users without
evidence-based information for protecting against Pb in their water. To fill these gaps, this study
provides the first longitudinal evaluation of POU water filters to remove Pb from private well water
as a function of multiple in situ variables, including time in operation, volume of water treated,
usage patterns, influent water quality, and Pb sources. Conducting solutions-focused research centered
on improving decision-making around currently available technologies for private well users is both
innovative and necessary toward improving environmental health in rural communities. The principal
objective was to relate POU filter performance to household water usage, water quality characteristics,
and Pb sources in a sample of real-world users to evaluate the range of performance that can be expected
and inform individual well users, public health and well water professionals, and policymakers alike.
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2. Materials and Methods

2.1. Recruitment of Study Participants and Baseline Pb Levels

Households served by private wells were recruited in three geographic clusters (A, B, and C) in
Orange County and Robeson County, North Carolina (Figure S1). These areas were selected through
the help of community partner organizations that had identified areas of suspected groundwater
contamination. Participants were recruited by e-mail, flyers, word-of-mouth, and door-to-door invitations
with a community partner.

An important goal of this study was to evaluate filter performance in a variety of contexts
representing different influent water quality conditions, along with different water use patterns and
contamination sources. Therefore, these clusters were selected to represent a diversity of water quality
and demographic characteristics. Influent water quality variability is important to consider due to
its influence on filter performance and longevity. Demographic differences are important because of
their potential influence on water use patterns. For example, a recent study using data from the 2015
American Housing Survey found that households identifying as Black were significantly more likely
to rely on bottled water for drinking, compared to other demographic groups, even if they perceived
their tap water to be safe [22]. Table 1 summarizes key characteristics of each cluster.

Twenty households were initially recruited to participate. To provide households with information
to help them decide whether to enroll, each was invited to collect a 250 mL first-draw sample
(i.e., water collected from the faucet after a minimum six-hour stagnation time without prior flushing)
as in previous studies on Pb in private well water [2,23]. For all subsequent sampling, the USEPA Lead
and Copper Rule protocol requiring one liter first-draw samples in regulated community water systems
was followed. Certified pre-cleaned, wide-mouth HDPE bottles were delivered to households the day
before sampling, with instructions to collect the first-draw water from the kitchen tap in the morning.
Samples were transported to the University of North Carolina at Chapel Hill (UNC) and transferred to
10 mL aliquots, acidified to 2% nitric acid, and stored at 4 ◦C before analysis. Analytical methods are
discussed in Section 2.5.

The mean first-draw Pb concentration among the 20 households invited to participate was 9.3 µg/L
(median = 8.2 µg/L) and ranged from 0.1 to 34.3 µg/L. Three households (15%) exceeded the USEPA’s
action level of 15 µg/L and 16 households (80%) had 250 mL first-draw Pb concentrations above
the American Academy of Pediatrics’ recommendation of 1 µg/L for water fountains in schools [24].
Previous testing at the kitchen tap using 250 mL first-draw samples in North Carolina (n = 14) and
Virginia (n = 2144) has shown a similar prevalence of Pb occurrence, with 14–19% of wells having
first-draw Pb levels above 15 µg/L and 82–93% of wells having first-draw Pb above 1 µg/L [2,23],
suggesting that the first-draw Pb levels seen in this study are comparable to levels across the region.

After these baseline screening tests, 17 households opted to receive the water filter and participate
in the evaluation of its effectiveness for Pb removal. Of these, two households relied on the same well.
Six (35%) were built prior to 1986 (when the SDWA was amended to ban pure Pb plumbing and limit
household components to <8% Pb by weight [25]), and 16 (94%) were built prior to 2014 (when the
SDWA was amended to further limit plumbing components to <0.25% Pb in wetted surfaces [26])
(Table S2). Two households in cluster A had whole-house water softeners installed, but no other
households had any other pre-existing household water treatment.

This study was approved by the UNC Institutional Review Board (study number 19-1015).
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Table 1. Key sociodemographic and water quality characteristics of each geographic cluster where study
participants were recruited. Sociodemographic data represent the Census Block Group surrounding
each cluster of study participants from the American Community Survey [27]. Water quality data
represent measurements collected for this study from each participating household.

Cluster A (n = 4) Cluster B (n = 2) Cluster C (n = 11)

Demographic Characteristics

NC County Orange Robeson Robeson
Median household income $157,422 $27,917 $31,971

Persons per household 2.9 3.2 3.1
Median home value $442,300 $72,500 $66,300

Housing type
Single unit 98% 48% 24%
Multi-unit 1% 6% 0%

Mobile home 1% 46% 74%

Education
High school or higher 97.9% 68.8% 71.8%
Bachelor’s or higher 78.2% 4.9% 6.6%

Race and
ethnicity

White 63% 11% 31%
Black 9% 17% 28%

Native 0% 47% 12%
Asian 18% 0% 0%
Two+ 5% 2% 3%

Hispanic 4% 22% 26%

Groundwater Quality Characteristics—mean (± SD)

pH 7.1 ± 0.4 5.4 ± 1.1 4.4 ± 0.3
Electrical conductivity (µS/cm) 350 ± 110 220 ± 140 110 ± 35

Hardness (mg/L as CaCO3) 110 ± 50 30 ± 10 20 ± 10
Carbonate alkalinity (mg/L as CaCO3) 110 ± 50 7.3 ± 7.2 0.1 ± 0.1

Langelier Saturation Index −1.0 ± 0.5 −5.2 ± 2.1 −7.6 ± 0.6
250 mL first draw Pb (µg/L) * 1.21 ± 1.19 17.4 ± 24 10.9 ± 7.3

* Results from initial screening/baseline samples collected during study recruitment.

2.2. POU Intervention Design

The selection criteria for the POU device in this study included: a full-flow, under-sink design;
activated carbon (AC)-based; widely available; and certified to NSF/ANSI 53 for Pb reduction,
NSF/ANSI 42 for particulate reduction, and NSF P473 for per- and polyfluoroalkyl substance (PFAS)
removal (methods and results for PFAS removal are forthcoming). An AC device was chosen over
a reverse osmosis system since AC filters represent lower capital, operation, and maintenance
costs [28], and generate significantly less waste and utilize less water compared to reverse osmosis [29].
Reverse osmosis membranes may also negatively affect the aesthetic quality of drinking water [30]
and can degrade rapidly [31]. Thus, in the long-term, AC-based filters may be a more economical,
user-friendly, and sustainable household treatment solution for well users addressing Pb. The selected
device is distributed by national hardware stores and costs $100 initially and $70 for each replacement
filter cartridge. The manufacturer-recommended lifetime of the cartridge is six months for a rated
capacity of 2967 L, representing a maintenance cost of approximately $12 per month if the cartridge is
replaced at the recommended interval.

Filters were installed beneath the primary kitchen sink at each participating household (Figure 1).
The device treats the full flow of cold water at the main faucet with a rated flow rate of up to
5.67 L/min. The filter is comprised of a single-stage, extruded solid AC block. According to the
manufacturer, the block is produced using a coconut-shell powdered AC mixed with a metals scavenger
material—possibly silicon/titanium oxides, as documented elsewhere [32]—and a proprietary binding
agent (2019, personal communication, 24 September). The filter does not include any prefilter fabric
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or membrane around the surface of the block. To evaluate the cumulative volume of water treated
over time, a food-grade polypropylene flow sensor (Sea YF-S201 or Gredia GR-301) and a data logger
(Onset Hobo State Logger) were installed in-line with each system. Loggers were set to record at 10 s
intervals to capture detailed water usage patterns. Pb-free polypropylene sample ports were installed
at the filter influent and effluent underneath the sink. All tubing used in the system was made of
food-grade polyethylene.
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Figure 1. Schematic of filter installation. FI = Filter influent sample port; FE = Filter effluent sample port.

2.3. Influent Groundwater Quality

Clusters B (n = 2 households) and C (n = 11 households) had aggressive water with average (±SD)
pH levels of 5.4 (±1.1) and 4.4 (±0.3), respectively (Table 1). The average Langelier Saturation Index (LSI)
and chloride-to-sulfate mass ratio (CSMR) indicated very high corrosion risk in both clusters (LSI <−0.5,
CSMR > 1). These conditions are representative of many groundwaters across the southeastern U.S. [33].
Waters in cluster A (n = 4 households) had an average pH of 7.1 (±0.4) and exhibited lower corrosion
risk due to greater hardness and carbonate alkalinity. Influent turbidity and dissolved organic carbon
in all wells were generally low (<1 NTU and <1 mg/L, respectively). Overall, the average influent
water quality in each cluster was outside the ranges required for certification of Pb removal under
NSF/ANSI 53 with respect to pH, hardness, or alkalinity. Detailed influent groundwater quality for
each participating household in comparison to NSF/ANSI 53 requirements can be found in Table S2.

2.4. Sampling Methods

2.4.1. Monthly Sampling

After filter installation, influent and effluent samples were collected monthly for approximately
eight months from October 2019 to June 2020. Two sampling months in the middle of the study
(April–May 2020) were lost due COVID-19 restrictions. Samples were collected in virgin, one-liter,
acid-washed, wide-mouthed HDPE bottles. Bottles were soaked in 3 M nitric acid solution for a
minimum of three days then rinsed with deionized water five times prior to sample collection.

Previous POU filter assessments for Pb have collected influent and effluent samples sequentially
on the same day but have recognized the limitations of this approach for calculating removal given
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the non-constant nature of Pb in premise plumbing [32,34]. To account for this, study participants
were trained to collect first-draw samples at labeled influent and effluent sample ports beneath their
kitchen sink on two consecutive days. This protocol ensured that calculations of the filter’s removal
effectiveness were based on first-draw conditions at both the influent and effluent. If study participants
neglected to fill their sample bottles, random daytime samples were taken from each sample port at the
time of the researcher’s visit which have been shown to adequately estimate first-draw Pb levels [35].
In these instances, the influent was sampled before the effluent. Sample bottles were collected from
participating households each month and transported on ice to UNC where they were transferred into
10 mL aliquots and acidified to 2% nitric acid (Plasma Pure®, SPC Science, Montreal, QC, Canada).
Acidified samples were stored at 4 ◦C before analysis.

Additional samples were also collected from the influent and the effluent at the time of each
visit to evaluate changes in microbial water quality across the filters as AC filters have been shown to
increase heterotrophic bacterial counts in the filter effluent [36,37]. Complete microbial methods and
results will be reported in a forthcoming manuscript.

2.4.2. Pb Profiling

Five households were selected for sequential sampling from the main faucet before and after the
filter was installed to profile the occurrence of Pb within the household plumbing. A standardized
sampling protocol was adapted from Pieper et al. (2015) that could be easily implemented by study
participants [23]. The protocol (Figure 2) entailed a 250 mL first-draw sample, immediately followed
by three consecutive one-liter samples without any flushing in between. The faucet was then flushed
for one minute and five minutes at full flow with the fifth and sixth one-liter samples filled after each
flushing interval. Pieper et al. (2015) have shown that, in households connected to private wells,
the volume between the kitchen faucet and pressure tank is typically≤ 3 L [23]. Thus, samples 1–4 in
the sequence approximate the profile of water between the faucet and the pressure tank, while samples
5 and 6 represent water from the pressure tank and borehole components. This simplified protocol
was used as a rapid screening tool that allowed for (a) detection of general sources of Pb (e.g., from the
faucet and sink fittings alone or from elsewhere in the system), and (b) evaluation of the effectiveness of
faucet flushing with and without the filter in place. All sample bottles were either certified pre-cleaned
or acid washed, as above. Additional 10 mL aliquots were drawn from a subset of samples and passed
through a 0.45 µm nylon syringe filter (GE Whatman GD/XP) on the same day. Both the filtered and
unfiltered 10 mL aliquots were then acidified as above and stored at 4 ◦C before analysis. The filtered
samples characterized dissolved Pb, while the difference between filtered and unfiltered samples was
calculated to estimate particulate Pb [23].
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2.5. Analytical Methods

Samples were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) adapted
from USEPA Method 6020B [38] on an Agilent 7500cx instrument. Acidified samples were centrifuged
at 5000 RPM for 8–10 min before analysis to separate any suspended solids in solution. In addition
to Pb, samples were analyzed for other metals and corrosion byproducts including aluminum (Al),
manganese (Mn), iron (Fe), copper (Cu), nickel (Ni), zinc (Zn), arsenic (As), cadmium (Cd), tin (Sn),
and uranium (U). A combined 10-point calibration curve was prepared for all elements before each
sample run. The full ICP-MS instrument configuration and operation conditions used have been
described previously [16]. Per USEPA guidelines, the limit of quantitation (LOQ) was determined as
10 times the standard deviation of the replicate blanks, or 0.015 µg/L for Pb, and non-detect results
were assigned a value of one-half the LOQ [39].

Quality control measures for metals quantification included laboratory blanks; field blanks;
replicate analyses performed every 10 samples; and verification of instrument performance using a
National Institute of Standards and Technology certified reference material (CRM) for trace metals
in drinking water (High Purity Standards, Charleston, SC, USA). Sn is not included in the CRM and
was spiked in at known concentrations. The mean recovery for all metals in the CRM, including Sn,
was 102%. The relative standard deviation of all repeat measurements was ≤10% and the average
difference of all sample replicates was 7.6%.

Field measurements of temperature, pH, and electrical conductivity were taken using a handheld
probe (HI98129, Hanna Instruments, Smithfield, RI, USA) calibrated with a two-point calibration in the
field each day before use.

2.6. Data Analysis

Paired influent and effluent samples were evaluated for statistically significant reductions of
each metal at each sample month using non-parametric Wilcoxon signed rank tests for non-normally
distributed samples. The appropriateness of the Wilcoxon method was evaluated by the Shapiro–Wilk
test. Reported p-values for filter performance represent the results of two-sided paired Wilcoxon tests
unless otherwise noted.

Additionally, the American Academy of Pediatrics’ recommendation of 1 µg/L of Pb in drinking
water was used to evaluate the filters’ protectiveness as a conservative health-based goal [24].
Although the USEPA Lead and Copper Rule action level of 15 µg/L is an established regulatory
threshold, the action level is designed to be used as a utility-scale indicator of the effectiveness of
corrosion control in drinking water distribution systems rather than as a measure of individual health
risk [40]. Indeed, the action level has been shown to be an unsafe level in drinking water for the most
vulnerable population groups and the USEPA has set a maximum contaminant level goal of no Pb
in drinking water [41]. Furthermore, households connected to private wells are not included under
the Lead and Copper Rule or SDWA stipulations. Thus, we considered the American Academy of
Pediatrics’ recommendation to be a more appropriate threshold for evaluating health risk of Pb in
drinking water, especially for children.

3. Results and Discussion

3.1. Long-Term Filter Effectiveness for Pb Removal

Filters decreased the influent Pb to below the American Academy of Pediatrics’ recommendation
of 1 µg/L in all 17 households for the entire duration of use (Figure 3). In three households (18%),
filters had to be removed within 2–3 months due to clogging (see Section 3.2), but the filters remained
operational in the remaining 14 houses for the full eight-month study duration. Paired influent–effluent
samples exhibited a highly statistically significant reduction in Pb across all sample points (p < 0.0001;
Figure 4). Excluding 10% of paired samples where participant sampling error was suspected, the mean
removal among all samples and all households was 98%. Importantly, Pb removal was consistent
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across all households and geographic clusters, indicating that the filter’s Pb removal effectiveness
was independent of both the influent groundwater quality and the variations in water usage patterns
observed in this study.

This study is unique in that no other longitudinal assessment of POU filters for Pb removal
from private well water is currently available. As discussed above, other studies have evaluated
POU effectiveness for Pb removal from private well water through limited cross-sectional sampling.
In two households in North Carolina, Tomlinson et al. (2019) showed that pour-through AC filters
removed 99% of first-draw Pb at the time the filters were distributed, with influent Pb levels ranging
21–66 µg/L [16]. Pour-through devices are low-cost and easily implementable, but Deshommes et al.
(2010) have observed that these devices exhibit worse performance over time than under-sink and
faucet-mounted devices likely due to short-circuiting through loose granular media and poor removal
of particulate Pb, putting into question the long-term protectiveness of pour-through devices for well
users [42]. In a survey of four homes using various faucet-mounted or under-sink AC devices relying
on both community water systems and private wells in rural Arizona, Lothrop et al. (2015) found that
Pb removal ranged from −16% to 37%, although the authors did not report clearly which samples were
from private wells [15]. The difference between the results of Lothrop et al. (2015) and those shown
here may be related to the certification of each device and/or the length of time it had been in use and
indicate that deteriorating performance and possible desorption of previously retained Pb may occur
in certain AC devices over time.Water 2020, 12, x FOR PEER REVIEW  8 of 19 
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Figure 4. Paired influent and effluent samples aggregated from all households and sample months
for each metal analyzed. The color of each point indicates the geographic cluster of the household:
A (red), B (green), and C (blue). Stars indicate significance of the reduction from influent to effluent
concentrations in one-sided Wilcoxon tests. ns: p > 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

Although not from private well water, several studies of POU devices installed in situ with
municipal tap water provide useful comparisons. Most recently, 97% of effluent samples from
345 faucet-mounted filters installed in Flint, Michigan during the water crisis were below 0.5 µg/L [34],
compared to 95% of effluent samples below 0.5 µg/L in this study. Additionally, Deshommes et al. (2012)
tested the effectiveness of five under-sink NSF/ANSI 53-certified AC devices for Pb removal in a large
building connected to a municipal water supply and found effective removal over one year, with median
influent Pb levels of 111 µg/L reduced to a maximum of 2.2 µg/L [32]. Similarly, Boyd et al. (2005)
demonstrated that 17 under-sink filters installed at drinking water fountains in schools also reduced
influent Pb levels ranging 1–93 µg/L to <1 µg/L during accelerated testing over the course of one
month, although 3 of the 17 filters clogged prematurely [43]. In general, these studies support the
results shown here and indicate that under-sink AC filters deployed for private well water can achieve
comparable Pb removal as municipal tap water, although pre-treatment may be necessary to prevent
clogging in both scenarios.

3.2. Filter Failure Due to Clogging

The rate of premature failure due to clogging observed by Boyd et al. (2005) was the same as
what was observed in this study (approximately 18%) [43]. In both studies, Pb was still effectively
removed even at terminal flow conditions. Boyd et al. identified the main cause of clogging as high Fe
concentrations (up to 28 mg/L) in the influent from corrosion of galvanized steel pipes in some schools.
Clogging occurred after treating only 30–40% of the filters’ rated capacity. High Fe was also the most
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likely cause of clogging in one household in this study (#21) where influent concentrations exceeded
4.5 mg/L. Influent Fe concentrations in the other two clogged filters were low (<0.1 mg/L). In one of
these households (#16), clogging appeared to be due to extremely low use during the first month after
installation, possibly allowing rapid biofouling of the carbon (results on microbial growth with the
filters are forthcoming), while the cause in the third household (#17) was not apparent. Given that all
filters operated normally at start-up, clogging was presumed not to be the result of a faulty device.
Clogging occurred after 2–3 months of use, representing 150–1335 L of water treated (5–45% of the
rated capacity). All other filters remained usable for the duration of the study although the maximum
daily flow rate was generally low (2.2 L/min on average, SD = 0.83; Figure S2). A sediment pre-filter to
remove high influent Fe and/or intermittent turbidity from private well water may be necessary to
reduce clogging and extend the filter’s life.

3.3. Removal of Other Metals

The filters also achieved highly statistically significant reductions (p < 0.0001) in the median
effluent concentrations of Al, As, Cd, Cu, Fe, Sn, U, and Zn over the study duration (Figure 4, Table S3).
Significant reduction of Ni (p < 0.01) was also observed, but median Ni effluent concentrations began
to approach and even exceed the influent concentrations after four months of use, indicating that more
highly adsorbing metals may displace previously adsorbed Ni (Figure S3). This phenomenon has
previously been observed for Ni [42] as well as Cd and Zn in lab-tested AC systems [44]. Mn was
significantly reduced in the first month of testing (p < 0.001), but quickly achieved breakthrough in
subsequent months and was the only metal without a significant reduction in the median concentration
when data were aggregated across all months.

3.4. Contribution of the Faucet to First-Draw Pb

The Pb levels in the filter influent (i.e., collected from sample ports beneath the kitchen sink;
Figure 1) were significantly lower than the baseline first-draw Pb concentrations in samples collected
from the faucet fixture itself during participant recruitment (p < 0.005; Figure 5, Table S4). Without the
filter, the Pb concentration in the baseline 250 mL first-draw sample averaged 9.0 µg/L (SD = 10.1,
maximum = 34.3 µg/L). In comparison, samples from the filter influent (indicating water quality
before interaction with the tap) averaged 3.3 µg/L (SD = 2.4, maximum = 8.4 µg/L). This difference
implicates the faucet fixtures as an important Pb source, as documented elsewhere [3,23]. The faucets
in all but one home (#13) were installed prior to more stringent Pb-composition standards were
put in place in 2014 [26], but even the faucet installed after 2014 had 77% more Pb in the sample
taken from the faucet than the average filter influent. Indeed, the NSF/ANSI standard that evaluates
Pb-leaching from plumbing components does not require testing under highly corrosive conditions
and, thus, “Pb-free” components may still leach significant Pb under conditions commonly seen in
private wells [45,46]. Cd, Cu, and Zn were also found in higher concentrations in the first 250 mL of the
profiles compared to the flushed water, indicating clear corrosion of the faucet components consistent
with prior studies (Figure S4) [47]. In one household (#2), the 250 mL first-draw Cd concentration at the
faucet without the filter was consistently three to four times the USEPA Maximum Contaminant Level
Goal of 5 µg/L (16.4 µg/L during profile sampling and 22.1 µg/L during baseline sampling). All other
first-draw Cd concentrations were below 1 µg/L. In addition, Spearman’s correlation coefficients
showed that Pb was strongly correlated with Al (β = 0.59, p < 0.05), Cd (β = 0.74, p < 0.001), and Zn
(β = 0.64, p < 0.01), but not with Cu (β = 0.24, p = 0.22) in the baseline first-draw samples, suggesting
that impurities in die-cast zinc–aluminum alloy (a material known as Zamak typically used in low-cost
and internationally manufactured faucets) rather than brass faucet components may be a contributor
of Pb and Cd in some homes [48–50].
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Figure 5. Comparison between baseline first-draw Pb levels in samples collected directly at the kitchen
faucet (left) and average filter influent Pb levels in samples collected beneath the kitchen sink from
a sample port without interaction with the faucet (right). Colors show geographic cluster of the
household and lines show paired household samples. White diamonds show the group mean.

3.5. Pb Profiling Results

Profile sampling was conducted in five of the highest-risk homes in clusters B and C before the
filter was installed and again after three months of use (Figure 6). In one home (#17 in Figure 6),
the filter clogged after just three months of use before the second round of profiling could be completed.

3.5.1. Flushing Effectiveness without Filter

Without the filter installed, the Pb concentration decreased with flushing but remained above the
American Academy of Pediatrics’ recommendation of 1 µg/L even after approximately eight minutes
and 15–20 L of flushing (Figure 6, pink profiles). In two homes (#19 and #17), Pb initially decreased
with flushing, then increased again. Over 98% of the Pb in these spikes was in dissolved form,
indicating leaching from solder, brass, or galvanized steel pipe [2,51] rather than scouring of particulate
Pb-bearing scale as the source. Thus, these households represent a different type of Pb release than
previously characterized by private well water profile sampling, where semi-random increases in Pb
concentrations in the profile were predominantly in the particulate form [23]. Otherwise, this finding
confirms what has been shown elsewhere that flushing can reduce Pb levels at the tap, but not ensure
that the water is consistently safe for consumption [52,53].

3.5.2. Improved Flushing Effectiveness with Under-Sink Filters

With the filter installed, the Pb profiles showed rapid and consistent decreases in the Pb concentration.
In three households, the Pb concentration decreased to less than 1 µg/L within two liters of flushing
(generally one minute or less). In household #14, the rate of decrease was lower, possibly indicating
greater leaching from the faucet components. In general, the post-filter profiles demonstrate that the
filter effectively decreased Pb levels at the tap, but that water can still be contaminated by the fixture
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after treatment. This vulnerability of under-sink filters has also been observed in buildings connected to
municipal waters [32,54,55].

Even so, the filter also decreased the amount of Pb in the first-draw water. On average,
the concentration of Pb in the 250 mL first-draw sample was 64% lower with the filter installed,
presumably as a result of dilution with filtered water and increased pH in the filter effluent
(see Section 3.6.2). Furthermore, the filter improved the effectiveness of flushing itself. On average,
flushing 2.25 L (approximately one minute) reduced Pb levels at the tap by 93% with the filter
compared to a reduction of only 76% without the filter, indicating a 22% increase in the effectiveness
of flushing. The Pb concentration in the approximate one-minute flush water was also reduced by
85% on average when the filter was installed (mean Pb without a filter = 5.5 µg/L; mean Pb with the
filter = 0.6 µg/L). On a mass basis, the total Pb mass in profiles without the filter was approximately
49.1–155 µg compared to 2.1–23.9 µg with the filters, representing a mass reduction of 66–98% (85% on
average) in the first 17–23 L of flushed water after a 6-h stagnation time. Thus, even with additional
risks due to the faucet, the use of an under-sink filter reduces the total amount of Pb at the tap by
(a) mitigating Pb release from distant plumbing sources, ensuring that users are not inadvertently
exposed to higher concentrations of Pb in the flushed water [53], and (b) improving the effectiveness of
flushing by requiring less flushing time to reach Pb levels below 1 µg/L. Installing a filter in conjunction
with flushing the faucet for one minute after long periods of non-use will thus ensure the greatest Pb
exposure reduction.Water 2020, 12, x FOR PEER REVIEW 12 of 20 
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3.6. Factors Influencing Filter Performance

3.6.1. Water Usage Patterns and Surface Loading

The observed long-term effectiveness of the filters for Pb removal may be attributable in part to
relatively low water usage and Pb loading at the kitchen tap. Usage patterns collected from the data
loggers revealed that, on average, each filter was in use for only 1–20 min per day, indicating that water
was not flowing for over 23 h per day. Rather than increased stagnation time leading to Pb breakthrough
as previously hypothesized [42], long periods of non-use may increase the time allowed for intraparticle
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diffusion of the sorbate and thus improve removal as dissolved Pb ions penetrate further into the
micropores of the carbon structure [56]. Indeed, a follow-up to a lab-based assessment of under-sink
AC filters for Pb [42] found that, when deployed under real-world conditions, the effectiveness of the
same device improved slightly to what was observed during non-stop flow testing under laboratory
conditions [32]. Although NSF/ANSI 53 does require off periods, filters are operated on a continuous
cycle for 16 h per day followed by an eight-hour rest so are unlikely to capture the effect of extended
stagnation time during certification testing.

Consistent with the low water use time observed, the cumulative volume of water treated by each
filter in the first six months of the study (excluding the three filters that clogged after 2–3 months,
see Section 3.2) ranged from 151–3481 L (representing approximately 160–3700 bed volumes, or 5–117%
of the filter’s rated capacity), with an average water usage of 1063 (±799) liters (Figure S5). Only one
household exceeded the filter’s capacity of 2967 L after six months. The reasons for this wide variation
in usage patterns are not known but could include factors such as family size, presence of pets,
household water pressure, and myriad behavioral factors related to cooking, cleaning, drinking water,
and perceptions of water quality [22]. For example, several households had a prior aversion to their
well water and continued to supplement their water supply with bottled water throughout the study.
In addition, some participants reported adapting to intentionally use their hot water supply for cleaning
and washing more often to prolong the filter’s life.

The observed Pb surface loading, i.e., the mass of Pb adsorbed per mass of carbon, was also low
compared to the certification requirements. NSF/ANSI 53 certification requires filters to be challenged
with a constant influent of 150 µg/L [21]. Considering the rated capacity of 2967 L, the total loading
during certification thus exceeds 445 mg of Pb. Manufacturers can claim only 50% of the successfully
tested capacity of a filter if a performance indication device is not included (as is the case with the filter
tested here), so the actual capacity is potentially even greater. The mass of carbon can be estimated
using the volume of the block (950 cm3) and the bulk density of coconut shell AC (~0.5 g/cm3 [57]),
yielding a mass of approximately 475 g of carbon. Thus, during certification, the Pb loading on the
filter was approximately 0.93 mg Pb/g carbon.

By comparison, the overall surface loading in practice was estimated by multiplying the average
influent Pb concentration by the total volume of water treated for each household. First, the average
influent Pb among the participating households was 0.13–8.37 µg/L (Table S4). Thus, at the influent
concentrations and rates of water usage observed, the estimated Pb loading of the filters was
0.76–9.51 mg during the first six months of use, or approximately 0.002–0.02 mg Pb/g carbon,
representing only 0.2–2.1% of the filter’s certified Pb load. This finding demonstrates that the
manufacturer’s stated capacity of 2967 L is likely to be protective for most homes based on the influent
concentrations and the rate of water usage observed in practice. Barring extreme scenarios of Pb release,
such as after disruptions to the system or in the presence of pure Pb components [42], under-sink
filters, which treat water that does not interact with the faucet, may only be consistently challenged by
relatively low Pb levels in homes served by private wells, even in high-risk households like those in
clusters B and C. Further research is required to understand how Pb loading may vary among other
private well users as well as municipal water users.

3.6.2. Influent Groundwater pH

Bench-scale column testing has shown that pH levels below 6 dramatically reduce the effectiveness of
AC for Pb adsorption because, at low pH, carbon adsorption sites are more likely to be positively charged,
thus repelling positively charged Pb ions in solution [44,56]. As a result, research suggests that POU
AC devices should only be used for Pb control within a pH range of 5.5–10 [56]. However, in cluster C,
where pH levels were consistently below 5, with a minimum recorded pH of 3.9 (Table S2), 98.5% of
influent Pb was still removed throughout the study. This may be due, in part, to the low surface loading
of the filters discussed above, suggesting that even under suboptimal groundwater conditions the carbon
use rate is such that significant breakthrough is not observed during the recommended cartridge lifetime.
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Additionally, in the previous experiments [44], the AC studied was acid-washed before
testing to remove hydroxyl groups on the carbon surface and thereby minimize Pb precipitation.
However, Pb precipitation—either on the carbon surface or in the carbon pore liquid—is one of the
dominant removal mechanisms in AC systems [58,59]. Rinsing the carbon with a base solution after acid
washing also significantly improves Pb removal, highlighting the importance of hydroxyl functional
groups on the carbon’s surface toward Pb precipitation [60,61]. Although the specific activation process
and pre-treatment of the AC in the filter tested in this study is not known, the pH increased significantly
in the effluent samples, with a greater increase at early time points (median influent pH at start-up
of 5.23 compared to a median effluent pH at start-up of 9.13, p < 0.0005) and a gradual equilibration
between the influent and the effluent by the end of the study (median influent pH at study end of
4.67 compared to a median effluent pH at study end of 4.73, p = 0.86; Figure S6), suggesting that
hydroxyl groups on the carbon surface are gradually exhausted [62]. Furthermore, Pb is highly soluble
in acidic, low-alkalinity waters [63] like those in cluster C. Characterization of particulate and dissolved
Pb levels during profile sampling in a subset of homes in cluster C confirmed that 98% of influent
Pb was in the dissolved form. Thus, the dominant removal mechanism in low pH waters appears to
be through precipitation of influent dissolved Pb ions on the alkaline carbon surface or in the pore
liquid. While low pH may reduce the removal capacity due to adsorption-specific processes, it does
not appear to negatively impact removal by AC filters where Pb precipitation can occur.

Further research is needed to know whether acidic influent waters pose a risk for precipitated
Pb to re-dissolve and be released in the filter effluent as the Pb solubility within the filter changes.
Reed and Arunachalam (1994) showed that decreasing column pH corresponded with increasing Pb
in the effluent of granular activated columns for wastewater treatment [60]. This behavior was not
observed in the present study after two months of testing beyond the manufacturer recommended filter
life, but it could occur if the filter cartridge is not replaced at recommended intervals. Six months was
protective for the sample of well users in this study. In the absence of precise flow data, monitoring of
the effluent pH to detect when it reaches influent levels may provide a simple method of determining
when the carbon block needs to be replaced, with opportunities for improvements in POU monitoring
through the use of smart technologies and remote water quality monitoring [64,65].

4. Conclusions

This study is the first to provide longitudinal data regarding the performance of POU filters for Pb
removal from private well water. The key finding is that an under-sink AC block filter certified under
NSF/ANSI 53 removed influent Pb to very low levels (below the American Academy of Pediatrics’
1 µg/L threshold) during the entire manufacturer stated lifetime (six months) and improved the safety
and effectiveness of faucet flushing. Pre-treatment may also be necessary to reach the filter’s rated
capacity for some wells. The effectiveness of these devices over time has important implications
for preventing disproportionate Pb exposure among communities dependent on private well water.
Indeed, children relying on private wells have been shown to have a 25% increased odds of elevated
blood Pb levels compared to children who receive their drinking water from regulated community
water systems [1]. These areas are often low-income, rural communities and/or minority communities
that depend on private wells as a result of historical and ongoing processes of exclusion from municipal
services and infrastructure as documented throughout the U.S. [66–74]. Although POU water treatment
cannot be considered a turnkey solution to systemic injustices that prevent equitable water access [75],
this study provides data that can be used to both improve the decision-making of individual well users
and to inform evidence-based policies and investments around under-sink POU devices—such as
periodic testing events and treatment system subsidies [76]—to prevent Pb exposures among private
well users.

Future research should extend this work to test similar filter designs under wider influent
groundwater conditions. Waters with higher hardness, alkalinity, and dissolved organic carbon content
may interfere with Pb removal to a greater extent than the waters tested here. Faucet-mounted devices
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should also be evaluated for private well users. These devices may provide protection from the faucet
fixture as a Pb source, but the results of this study with respect to cumulative water usage and Pb
loading may not apply to faucet-mounted filters, which have a lower capacity, are challenged by higher
first-draw Pb concentrations originating from the faucet, and require additional behavior change to
manually bypass the filter when using the hot water. These subtle differences could increase the surface
loading and impact the long-term performance of these devices for well users. Finally, AC devices are
not appropriate in all scenarios. Other common groundwater contaminants such as nitrate and arsenic
are not well removed by AC [29]. Thus, studies of a similar longitudinal nature need to be undertaken
for other technologies and contaminants to develop a toolkit of validated solutions for private wells.
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cumulative water usage after six months of use; Figure S6. Distribution of pH levels in the filter influent and
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each geographic cluster; Table S2. Influent groundwater quality of each participating household compared to
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