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Abstract

To lower Pb concentrations in tap water, water systems implement corrosion control treatment that
often involves the addition of orthophosphate. Because NSF/ANSI 53 (2018) certified point-of-
use (POU) filters can remove Pb from tap water to <10 pg Pb/L, they are often distributed in
emergencies or as follow-up steps to lead service line removals or disturbances. While these filters
are certified for the removal of both soluble and particulate lead, this study reported that Pb
phosphate particles can penetrate POU filters under certain conditions. The small sizes and
negative surface charges of suspended Pb phosphate particles make them more mobile through the
solid block activated carbon media of POU filters. When tested using challenging water containing
150 pg Pb/L, 2 mM ionic strength (IS), and no hardness at pH 7.0, 41% of the Pb passed through
the POU filters. However, when IS was increased to 50 mM or Ca was increased to 0.5 mM, the
amount of Pb penetrating the POU filters decreased to 32% and 17%, respectively. Adsorption of
Ca onto Pb phosphate particles and high IS promotes aggregation and enhances POU filter
performance.



Introduction

The main contributors of lead (Pb) in tap water are lead service lines (LSLs) and Pb-containing
components of premise plumbing.!® Although lead pipes were banned in potable water
distribution systems in 1986 in the United States, millions of partial or whole LSLs are still in
use.”!” The layers of lead corrosion products that form on the inner surface of LSLs play a crucial
role in controlling dissolved Pb concentration and indirectly affect the formation of Pb-containing
particles in tap water.!! Dissolved Pb concentrations in tap water are controlled by the solubility
of lead corrosion products, while particulate Pb concentrations are affected by the mobilization
and deposition of these corrosion products.'?"!7 Changes in water chemistry conditions can disturb
the dissolution-precipitation equilibrium of pre-existing lead corrosion products and also induce
the formation of Pb-containing particles in suspension in ways that increase Pb concentrations in
the tap water.'®! For example, in Flint, MI, a change in water source and discontinuation of
orthophosphate addition increased the solubility of lead corrosion products and mobilized both
lead- and iron-containing particles.?’ Elevated Pb concentrations in tap water have also occurred
after Newark, NJ decreased the pH of the tap water fed by their Pequannock Water Treatment
Plant, and when University Park, IL changed their source water from well water to softened and
filtered water from the Kankakee River.?! %

After elevated Pb concentrations are observed in tap water, a water system can follow several
strategies to control Pb, including the addition of orthophosphate and replacement of LSLs.!82426
Orthophosphate addition can lead to the formation of Pb phosphate solids, which have low
solubilities and are beneficial for dissolved Pb control.??® However, studies have reported that
total Pb concentrations (dissolved and particulate lead) in tap water can remain high (> 50 pg/L)
for months after phosphate addition.?’! A pipe loop study using high pH and low dissolved
inorganic carbon (DIC) water conditions found that lead concentrations did not consistently drop
below 15 pg/L until several months after orthophosphate addition had begun, while dissolved lead
concentrations decreased almost immediately and stayed low.?* A pipe loop study evaluating
corrosion control treatment in the D.C. Water and Sewer Authority’s distribution system found
that it took six months of phosphate addition before lead concentrations consistently dropped
below 15 pg/L.*

NSF/ANSI 53 certified point-of-use (POU) filters are distributed by some utilities in emergencies
or after replacement or disturbance of a lead service line to mitigate the impact of high drinking
water lead levels.?! POU faucet filters typically contain solid block activated carbon (SBAC) and
can remove both dissolved and particulate Pb. Granular activated carbon (GAC) is often used as
filter media for POU pitcher filters. Both faucet and pitcher filters may have ion exchange in
addition to SBAC or GAC to enhance their dissolved ion removal performance.>®> In Flint and
Newark, POU faucet filters (with SBAC as filter media) were distributed to customers, and most
of them effectively lowered the Pb concentration to the NSF/ANSI 53 certified value, which is 10
ng/L for NSF/ANSI 53 certification before 2019 and 5 pg/L for NSF/ANSI 53 certification after
2019.34*> However, they did not always perform as expected; five properly installed POU filters
in Newark showed effluent lead concentrations of >10 pg/L.*° A recent field study in Newark also
observed Pb phosphate nanoparticles in the effluent from POU filters.?!

The NSF/ANSI 53 certified POU filters may face underperformance under certain conditions.?!33~
37 Recently, a field investigation in Newark found that Pb phosphate nanoparticles (diameter <



0.1 um) can penetrate properly installed and functional POU filters with total Pb concentrations in
the filtered water as high as 45 ug/L.>! Moreover, the NSF/ANSI 53 certification protocol
challenges filters by using a Pb(NO3), solution to develop Pb carbonates and oxides that are 0.1-
1.2 um in size.’® Well-dispersed Pb nanoparticles that are phosphate solids and not carbonates and
oxides as well as particles with diameters smaller than 0.1 pm are therefore threats to POU filter
performance.

Observations of POU filter underperformance in Newark were focused on this particular setting,
and they pointed to a need to systematically evaluate the effect of Pb phosphate particles on POU
filter performance under different aqueous conditions. These conditions (e.g. ionic strength (IS)
and co-existing cations) play a crucial role in affecting Pb phosphate particle aggregation and,
ultimately, may affect POU filter performance. Filters can remove particles from water mainly by
two mechanisms: straining (when particles are larger than the void spaces in filter media) and
contacting and attaching to the grains of the media (when particles are smaller than the voids).>*~
41 Transport of particles to filter media surface occurs by sedimentation, diffusion, and
interception, and attachment occurs by attractive close-range molecular forces such as hydrogen
bonding and van der Waals forces.*! The characteristics of different particles can affect their
transport and attachment processes, which could lead to different POU filter performances.

The objective of this study was to determine the performance of POU filters for the removal of Pb
phosphate nanoparticles over a range of relevant water chemistry conditions. The Pb phosphate
nanoparticles were synthesized with different IS (2-50 mM as NaNOs3) and Ca concentrations (0-
1.5 mM) and then characterized to understand their size, zeta potential, morphology, and
crystallinity. The study yielded insights that can aid in the design of new POU filter media and
the identification of potential revisions to the NSF/ANSI 53 certification protocol.

Materials and Methods
Materials

Commercially available NSF/ANSI 53 certified POU faucet filters (with SBAC as filter media,
Figure S1) that are among the most widely used in the United States were purchased for use in this
study. These filters received 2018 NSF/ANSI 53 certification, which requires that the maximum
effluent concentration (MEC) of Pb is 10 ng/L.2° Other chemicals and stock solutions are listed in
the supporting information.

Pb phosphate nanoparticle stock solution preparation

Two sets of Pb phosphate nanoparticle solutions (Table 1) were synthesized with different IS (2,
10, 50 mM as NaNOs3) and Ca concentrations (0, 0.5, and 1.5 mM). The Pb/P mole ratio was 1:10.
Detailed information about the selection of these conditions is delineated in the supporting
information.

Table 1. Initial experimental conditions and zeta potentials of precipitates in Pb phosphate particle stock
solutions

Set Pb (uLM) P (uM) PCa (mM) °NaNO; (mM) Zeta potential (mV)




Control 7.25 72.5 / 2 —422+2.6

IS=10 mM 7.25 72.5 / 10 -39.1+£1.2
IS =50 mM 7.25 72.5 / 50 —25.6+£0.7
Ca=0.5mM 7.25 72.5 0.5 2 —-299+1.4
Ca=15mM 7.25 72.5 1.5 2 -149+0.8

Pb and P: calculated total lead (added as Pb(NO;),) and phosphate concentrations in the solutions. *Ca: calculated
total calcium concentration, added as Ca(NOs3),. ¢ NaNOs: added to the solution to control the ionic strength.

POU filter performance test

All POU filters were flushed with reverse osmosis (RO) water to active them, and their abilities to
remove dissolved lead were verified before their performance was tested with the waters
containing suspended lead phosphate particles; details of these steps are in the supporting
information. The experimental setup is shown in Figure S2. Each POU filter was then challenged
with a total of 152 L (38 L per round for four rounds with the same challenge water condition) of
Pb phosphate nanoparticle suspension (Pbiota = 150 pg/L) of a certain IS and Ca concentration.
For each of the four rounds, two tanks were used. In each water condition, 40 L of suspension was
prepared by mixing 4 L of Pb phosphate nanoparticle stock solution into 36 L of RO water with
the same chemical conditions in a tank (pH, IS, and Ca concentrations, Table S1). The final
solution was stirred for 5 min. The final total Pb concentrations in the tank were around 150 pg/L,
and the total amounts of Pb in the tank matched that of the Pb phosphate nanoparticle stock
solution. Transferring the Pb phosphate nanoparticle stock to the tank did not affect important
particle characteristics (such as size); similar POU filter performance was observed when adding
the premixed Pb phosphate nanoparticle stock to the tank as when the same amounts of Pb(NO3)2
and phosphate solutions were added directly to the tank (Figure S3). During each of the four
rounds, 38 L (~10 gallons) of suspension were filtered through each POU filter. The remainder of
the suspension was discarded. Between each round, the tanks and connecting pipes were flushed
twice with 20 L of RO water to remove residual Pb(II). No Pb residual was detected after the
cleaning. Because each filter only received a total of 190 L of water, the POU filters did not reach
their designed treatment capacity (380 L). During each 38 L round, 0.5 L of influent was collected
from the bottom valve of well-mixed tanks, and 1 L of effluent was collected in the middle of the
run. Samples collected at different time points (at the beginning, middle, and end) during the run
showed that effluent Pb concentrations remained consistent throughout the run (Figure S4). The
performance test was modified from NSF/ANSI 53 with a shorter test time. All samples were
digested with 2% nitric acid by volume for at least 16 hours in 1 L high-density polyethylene
(HDPE) bottles before analysis of total lead by inductively coupled plasma mass spectrometry
(ICP-MS, PerkinElmer, Ltd.) following EPA method 200.8.*> All tests were conducted in
duplicate and at room temperature (21 + 1 °C).

Particle Characterization Methods

The formation and aggregation of Pb phosphate nanoparticles in the stock solutions were explored
by monitoring their size evolution with DLS (Zetasizer, Malvern Instrument, Ltd.). The
morphology and crystallinity of particles were observed by scanning electron microscopy (JEOL,



Ltd.) and by transmission electron microscopy (TEM) with selected area electron diffraction
(SAED) (JEOL, Ltd.). Detailed sample preparation and measurement protocols are listed in the
supporting information.

Equilibrium Calculations

The pH, IS, and saturation indices (SI) of potential precipitates in the particle stock solutions were
calculated using the MINTEQ database in Geochemist’s Workbench (GWB, student version
14.0).¥ The calculations were conducted using the same conditions as the experiments. The
solution was set to be in equilibrium with atmospheric COa.

Results and Discussion
Characterization of Pb phosphate nanoparticles

Based on GWB calculations (Table S2), all Pb phosphate particle stock solutions were
supersaturated with respect to Pbs(PO4)3;0H (hydroxylpyromorphite, SI = 12.4 + 0.9) and
Pb3(PO4)2 (7.1 £ 0.5). After the stock solution was diluted in the tank, the SI values dropped to
44 + 0.9 and 2.1 + 0.6 for Pbs(PO4);0H and Pb3(POs4),, respectively. In the presence of Ca,
Cas(PO4)30H was also supersaturated in the Pb phosphate particle stock solution (SI = 5.4 + 1.0)
and the tank (SI = 2.4 = 1.0). Under the initial solution conditions, hydroxylpyromorphite, which
had the highest SI, would be expected to precipitate first. After the precipitation of
hydroxylpyromorphite, soluble lead concentrations would drop to values that would leave the
solution undersaturated with respect to the other solids. These calculations are consistent with lab-
scale and field studies that observe hydroxylpyromorphite on the inner surfaces of lead pipes
carrying water that is treated using orthophosphate.3%3!44

The SEM images (Figures 1a & 1b) show that all Pb phosphate particles had a similar sphere-like
shape with a diameter smaller than 20 nm. With different IS (2-50 mM) and Ca concentrations (0-
1.5 mM), no obvious size and morphology changes were observed (Figure S5). Similar
morphology and size have been reported by Lytle et al. (2020), although the particles in that study
were synthesized under different conditions (0.1 mg Pb/L, pH = 7.5, 7 mg C/L as DIC, and 3.4 mg
PO4/L).%

TEM results confirmed this particle size and provided information on the mineralogy, observing
well-dispersed Pb phosphate nanoparticles with a diameter of 8.5 + 3.6 nm (Figure 1c). The Pb
phosphate nanoparticles synthesized in this experiment were smaller than those in some previous
studies,**® but close to the size range (10 — 200 nm) of Pb phosphate nanoparticles collected from
POU filter effluent in Newark.?! The SAED pattern identified the synthesized Pb phosphate
nanoparticles as hydroxylpyromorphite. The electron diffraction pattern (Figure 1d) matched PDF
No. 04-012-9459 (hydroxylpyromorphite), and detailed information is listed in Table S3. A
similar SAED pattern of hydroxylpyromorphite has been observed in other studies.?’*’ This result
was consistent with our calculations that suggested the precipitation of hydroxylpyromorphite. No
Ca was added during the synthesis of these particles for SEM and TEM analyses, and the presence
of Ca can result in Ca/Pb phosphate particle formation, which has a similar crystal structure as
hydroxylpyromorphite, 34849
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Figure 1. SEM images (a & b), TEM image (c), and selected area diffraction pattern (d) of Pb
phosphate particles. The Pb phosphate particles were synthesized with a Pb/P ratio of 1/10 at pH
7. No Ca was present during the synthesis. The Miller indices (%) in the selected area
diffraction pattern were determined based on the d-spacing of each ring and corresponding lattice
spacing according to the hydroxylpyromorphite PDF card No. 04-012-9459.

Pb phosphate nanoparticle sizes and POU filter performance test

The size evolution of Pb phosphate particles formed in solutions with varied IS and Ca conditions
are shown in Figures 2a and 2b. At IS = 2 mM, the Dy of the particles (63 £ 6 nm) remained
unchanged within the 60 min duration of the DLS measurement. Lytle et al. (2020) also
synthesized Pb phosphate nanoparticles under similar water chemistry conditions and reported a
similar Dy (74 = 11 nm).* 10 mM IS also did not affect the Dy, but 50 mM IS resulted in an
increase in Dy to 400 nm over 1 h. With 0.5 mM and 1.5 mM Ca at IS = 2 mM, the Dy of Pb
phosphate particles increased to ~ 420 nm and ~ 630 nm, respectively, over 1 h. These effects of
IS and Ca were similar to the observations made by Zhao et al. (2018).46
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Figure 2. The hydrodynamic diameters of Pb phosphate particles formed at (a) different ionic
strengths (controlled by 2-50 mM NaNOs3) and (b) different Ca concentrations (0-1.5 mM). The
total Pb(II) concentrations in the influent/effluent during the POU filter performance test with (c)
different IS (controlled by 2-50 mM NaNO3) and (d) different Ca concentrations (0-1.5 mM) with
2 mM NaNO:s to control the IS. The stages of each test with no PO4 were used to confirm that the
POU filters were functional when treating water with 150 pg/L of dissolved lead. All experiments
were conducted at pH = 7.0 = 0.1. Error bars represent the standard deviations from duplicate
experiments.

POU filter performance was strongly related to the Dy of the Pb phosphate particles. The POU
filter media has a porous structure (as shown in Figure S6) with a pore size range of 0.1-21 um.
When challenged by Pb phosphate particles, a larger Dy was associated with improved POU filter
performance. At a Dy of 63 = 6 nm (with IS = 2-10 mM, no Ca), 41% of Pb phosphate particles
(~ 62 ng/L Pb) penetrated the POU filters and were detected in the filtered water (Figure 2¢c-d).
However, at Dy ~ 400 nm (with IS = 50 mM or Ca = 0.5 mM), the total Pb concentration in the
filtered water decreased to approximately 45 ug/L, and with a Dy of > 600 nm (with Ca= 1.5 mM)),
the total Pb concentration in filtered water met the effluent goal of NSF/ANSI 53 certification (<
10 pg/L). Higher IS yielded a larger Du of Pb phosphate particles and therefore promoted POU
filter performance, but ~39.4 pg/L Pb was still detected in the effluent even with IS = 50 mM.
Because drinking water IS is typically lower than 11 mM, it is unlikely that IS would substantially
affect POU filter performance under relevant conditions. With increasing Ca concentration, the



Dy of Pb phosphate particles increased, and the POU filter performance was promoted. The Ca
concentration in tap water is related to hardness, which is the sum of the divalent cations (generally
Ca?" and Mg?").>® High IS conditions resulted in lower absolute values of zeta potentials, and Ca*"
adsorption to negatively charged Pb phosphate particles can neutralize their surface charge. High
IS and Ca therefore decreased repulsion both between particles and between the particles and the

filter media, and hence they increased the proportion of Pb phosphate nanoparticles removed by
POU filters.>*!

Extra considerations in POU filter use for lead removal may therefore be needed in water systems
with low hardness (< 0.5 mM as Ca or 50 mg/L as CaCQO3) and use of phosphate as a corrosion
inhibitor. For the Pequannock Gradient in Newark, the presence of LSLs, low hardness, and
initiation of phosphate addition was almost optimal for the formation of stable Pb phosphate
particles when underperformance of NSF/ANSI 53 certified POU filters was observed. 2% A
recent field study confirmed the existence of Pb phosphate nanoparticles in the effluent of POU
filters in Newark.?!

The Du values for Pb phosphate particles formed with IS = 50 mM and Ca = 0.5 mM were similar
(383.4 and 403.7 nm), but the particles formed at IS = 10 mM had a more negative zeta potential
(=39.1 £ 1.2, compared to —29.9 = 1.4 mV). The POU filters removed a higher proportion of Pb
phosphate particles with a less negative surface charge (—29.9 = 1.4 mV). The filter media (SBAC)
surface was negatively charged (as shown in Figure S7), which is similar to previous findings.>?
This surface charge information indicates that a less negative particle surface charge would be
predicted to increase filter performance.

Environmental Implications

The performance of POU filters is dependent on the water chemistry. NSF/ANSI 53 certified POU
filters cannot effectively remove Pb from all relevant tap water compositions. High IS (= 50 mM)
and Ca concentrations (> 1.5 mM) promote aggregation of Pb phosphate particles and neutralize
their surface charge, which leads to better POU filter performance. Other studies of Pb phosphate
particle aggregation suggest that natural organic matter retards aggregation, which may cause POU
filter underperformance, while different pH conditions in tap water (pH = 6 - 9) are unlikely to
affect POU filter performance.*®

The small size and negative surface charge of Pb phosphate nanoparticles create a new challenge
for NSF/ANSI 53 certified POU filters. Although the latest NSF/ANSI 53 certification lowers the
MEC to 5 pg/L, the challenge water for certification still consists of 0.1-1.2 pum Pb
carbonate/hydroxide particles, so POU filter performance for removal of Pb phosphate
nanoparticles remains unverified.®® The surface charge and pore sizes of POU filter media can
be improved to enhance its Pb phosphate particle removal performance. Changing the surface
charge of POU filter media or portions of the media to less negatively or even positively charged
would decrease the repulsive force between the media and Pb phosphate particles. Smaller pore
sizes may be beneficial to increase Pb phosphate particle removal, but smaller pore sizes would
likely also decrease the effluent flow rate. Besides, the NSF/ANSI 53 certification protocol could
also be modified to include well-dispersed Pb phosphate nanoparticles to account for the
increasingly widespread use of phosphate as a lead corrosion inhibitor.
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