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ABSTRACT: The occurrence of aluminum in scales on lead pipes is common.
This study aimed to identify factors that inﬂuence Al accumulation on oxidized
lead surfaces and to determine whether the presence of Al impacts Pb release from
corrosion products to water. Al accumulation and Pb release were monitored both
with and without the addition of phosphate as a corrosion inhibitor. Pb coupons
with corrosion scales were exposed to chlorinated water for up to 198 days to
investigate Al accumulation and Pb release. Al accumulation was facilitated by Pb
corrosion products, but its accumulation was inhibited by phosphate addition.
During the study period, the formation of Al deposits did not aﬀect Pb release
when phosphate was absent. In an Al-free system, the addition of 1.0 mg/L
phosphate (as P) lowered the dissolved Pb concentration below 1.0 μg/L. In a
system containing 200 μg/L Al, the emergence of phosphate’s eﬀect on Pb control
was delayed, and the dissolved Pb concentration decreased but stabilized at a
higher value (10−12 μg/L) than in the Al-free system. Phosphohedyphane (Ca2Pb3(PO4)3Cl) was formed in all phosphatecontaining systems, and PbO2 was formed independent of phosphate addition. The eﬀect of Al on Pb release was probably related to
its inﬂuence on the composition and morphology of Pb-containing minerals on coupon surfaces. The laboratory study has
unavoidable limitations in its ability to simulate all conditions in real lead service lines, but this study still highlights the importance
of considering the inﬂuence of Al when designing Pb corrosion control strategies.

■

coagulants.26,27 A recent study of a harvested lead service line
(LSL) from a system using Al-based coagulants found that the
outer layer of lead pipe scales contained even more Al (16%)
than Pb (14%) on a mass basis. The Al-rich layer, which also
contained Ca and phosphorus, was thicker than 200 μm.20
Below the Al-rich layer and closer to the unaltered lead of the
pipe, the Al content decreased and Pb became the dominant
element.20 The corrosion scales collected during “FAST Start”
replacement of LSLs in Flint, Michigan had Al as the second
most abundant metal after Pb.28 Although dissolved Al can
easily enter distribution systems, the processes through which
it can accumulate on pipe surfaces are poorly understood. An
Al-deposition experiment has shown that very little Al could
accumulate on plastic pipe surfaces at pH 7.7 where dissolved
Al was the main species,29 but there is limited knowledge of
processes controlling Al accumulation on oxidized metal
surfaces.

INTRODUCTION
Lead release from lead pipes, solder, and brass ﬁttings is the
primary source of Pb in drinking water. The Lead and Copper
Rule has an action level of 15 μg/L for the 90th percentile of
ﬁrst liter tap water Pb concentrations from speciﬁed types of
homes.1 Pb concentrations in drinking water can be controlled
by the solubility and dissolution rates of Pb-containing solids
in Pb pipe scales that include cerussite (PbCO3), hydrocerussite (Pb3(OH)2(CO3)2), litharge (PbO), plattnerite (βPbO2), and scruttnite (α-PbO2).2−6 One common strategy
applied to suppress Pb release is the addition of orthophosphate (PO43−, henceforth just referred to as phosphate) to
ﬁnished water.7,8 This approach is intended to facilitate the
formation of low-solubility Pb(II) solids such as hydroxypyromorphite (Pb5(PO4)3OH) and pyromorphite
(Pb5(PO4)3Cl).9−17
Aluminum, iron, manganese, and some other elements are
frequently found as major components of scales on inner pipe
surfaces.9,18−22 Mn deposition in drinking water distribution
systems is a result of insuﬃcient removal of Mn in source
water, while Fe enrichment is often due to the transport of Fe
particles from upstream Fe pipes.23,24 Fe and Mn oxides were
reported to increase Pb release to drinking water by
accelerating Pb oxidation.23−25 Al deposits on pipe surfaces
form through the accumulation of Al from ﬁnished water,
which can contain dissolved Al from the use of Al-based
© 2020 American Chemical Society

Received:
Revised:
Accepted:
Published:

6142

February
April 15,
April 16,
April 27,

5, 2020
2020
2020
2020

https://dx.doi.org/10.1021/acs.est.0c00738
Environ. Sci. Technol. 2020, 54, 6142−6151

Environmental Science & Technology

pubs.acs.org/est

Article

Table 1. Summary of Experimental Conditions at Diﬀerent Stages
Experiment ID

Number of
replicates

Initial
pH

ApH6.7−200Al
BpH6.7−0Al
CpH8.7−200Al
DpH8.7−0Al
EpH7.7−0Al
FpH7.7−100Al
GpH7.7−200Al−P
HpH7.7−500Al
IpH7.7‑P‑0Al
JpH7.7‑P+200Al

3
3
3
3
3
2
3
2
3
3

6.7
6.7
8.7
8.7
7.7
7.7
7.7
7.7
7.7
7.7

Addition of Al and phosphate at
Stage I (days 0−75)

Addition of Al and phosphate at Stage II
(day 75 to at least day 213)a

Addition of Al and phosphate at
Stage III (days 213−273)

200 μg/L Al
200 μg/L Al

100 μg/L Al
200 μg/L Al
500 μg/L Al
1.0 mg/L P
1.0 mg/L P and 200 μg/L Al

200 μg/L Al and 1.0 mg/L P

a

Experiments A, B, C, D, E, F, G, and H ran from days 75 to 213; I and J ran from days 75 to 273.

Scanning electron microscopy (SEM, FEI Nova NanoSEM
230) coupled with energy-dispersive X-ray spectroscopy
(EDS) was used to observe the morphology and analyze the
elemental composition of the surfaces and cross-sections of the
coupons. The method to prepare cross-sections of coupons is
described in the Supporting Information (SI). Raman
spectroscopy (HoloLab Series 5000 Raman Microprobe) was
performed on intact coupon surfaces to identify minerals
present; the RRUFF database (accessible at http://rruﬀ.info/)
was used for reference. Scale powders were scraped from
coupon surfaces with a stainless-steel spatula and then analyzed
by X-ray diﬀraction (XRD, Bruker d8 Advance X-ray
diﬀractometer) to identify crystalline phases present.
An iodometric method36 was used to quantify the PbO2
content of scales. Pb-containing scale was scraped from coupon
surfaces and dispersed in ultrapure water. Under rapid
magnetic stirring, the suspensions were adjusted to pH 2.05
± 0.05. Iodide was then added to reduce PbO2 and generate
I3− whose absorbance could be quantiﬁed at 351 nm with a
spectrophotometer (PerkinElmer Lambda XLS+).
Experimental Design. Two Pb coupons were hung
vertically in a 140 mL high-density polyethylene (HDPE)
bottle and immersed in 120 mL aqueous solutions with
diﬀerent components to simulate the exposure of Pb pipes to
diﬀerent water conditions relevant to drinking water
distribution. This provided a ratio of lead surface area to
water comparable to that in a 1-in. inner diameter pipe. All
aqueous solutions included 1.0 mM NaCl, 1.0 mM CaCl2, 2.0
mg/L free chlorine (as Cl2) and dissolved inorganic carbon
(DIC) equilibrated with atmospheric CO2 at a certain pH. For
the three desired pH values of 6.7, 7.7, and 8.7, the calculated
concentrations of DIC in equilibrium with atmospheric CO2
are 0.04 mM, 0.32 mM and 3.28 mM DIC, respectively (Figure
S1). Table S1 summarized the composition of the synthetic
water used in this study. NaCl and CaCl2 were added to
provide ionic strength and simulate a common composition of
real drinking water. Calcium is sometimes a constituent of Pb
corrosion scales and may aﬀect Pb release.16,37,38 A free
chlorine concentration of 2.0 mg/L is within the range that can
be encountered in distribution systems and premise plumbing.
Solution mixing was achieved by a 2.54 cm magnetic stir bar at
a speed of 200 rpm. While this approach provides well-mixed
water and not stagnant water, these conditions are not identical
to those in premise plumbing with ﬂowing water. Flowing
water and the more frequent replenishment of the water in
contact with the scale in real service lines might result in
diﬀerences in the timing and extents of scale development and

Al deposits can potentially aﬀect Pb release from pipe scales.
The presence of Al could inﬂuence the identity of the Pbcontaining solids present, aﬀect the overall structure and
morphology of the pipe scale, and facilitate Pb release if Al-rich
particles were mobilized.30,31 Al-bearing pipe deposits could
conceivably serve as a passivating barrier to mass transfer from
the lead pipe to the water, but a previous study revealed that
the presence of aluminosilicate deposits did not reduce Pb
release and found that the eﬀects were even detrimental.32
Higher Pb concentrations were also observed when exhumed
Pb pipes were exposed to water with Al coagulant residuals.33
Due to the substantial discrepancy between the predicted Pbscale solubility and Pb release in the ﬁeld,9 it is also necessary
to examine the potential eﬀect of Al on Pb dissolution.
The objectives of this study were to (1) identify the key
factors that control Al accumulation on lead pipe surfaces and
(2) determine how the presence of Al aﬀects Pb release to
water with and without phosphate addition. Bench-scale
experiments mimicked the corrosion products and water
chemistry at conditions of in-use LSLs. The eﬀects were
monitored by observing trends in total and dissolved
concentrations of Al, P, and Pb for diﬀerent water chemistry
conditions. Corrosion products were characterized to relate the
solids present to the observed concentrations in the water.

■

MATERIALS AND METHODS
Materials. New Pb coupons (Vulcan GMS, 6 × 1.2 × 0.3
cm) were ﬁrst polished with sandpaper (3M Pro grade
Precision) and then soaked in a pH 2 HNO3 solution for 2
days. Al stock solution was made by dissolving aluminum
chloride (AlCl3·6H2O, Fisher Scientiﬁc) in 1% (w/w) HNO3.
Free chlorine and phosphate stock solutions were prepared
with sodium hypochlorite (NaClO, Fisher Chemical) and
sodium phosphate monobasic (NaH2PO4, Fisher Scientiﬁc),
respectively. Ultrapure water with a resistivity >18.2 MΩ·cm
was used to prepare all the solutions in this study. HNO3 (0.1
M) and NaOH (0.1 M) were used to adjust solution pH.
Analytical Methods. The DPD (N,N-diethyl-p-phenylenediamine) colorimetric method was used to measure free
chlorine concentrations.34 Phosphate concentrations were
determined by a modiﬁed ascorbic-acid colorimetric method
that had bisulﬁte added to eliminate the interference of free
chlorine.35 The concentrations of Pb, Al, and Ca were
quantiﬁed by inductively coupled plasma mass spectrometry
(PerkinElmer ELAN DRC II). The ζ potentials of Al particles
in suspension were analyzed with a Malvern Zetasizer Nano.
6143
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(Table S2). These stable concentrations were necessary to
proceed to Stage II in which the eﬀects of Al and phosphate on
lead release were investigated.
Raman spectroscopy (Figure S3) and XRD (Figure S4)
revealed that the scales on coupon surfaces contained cerussite
and litharge at all three pH conditions. The initial pH values of
6.7 and 7.7 were well maintained (Figure S5). For the systems
with an initial pH of 8.7, the pH values measured after 1 day
were in the range of 8.40 to 8.70; we use a value of pH 8.5 for
solubility considerations discussed below. The measured
dissolved Pb concentration at pH 7.7 after conditioning was
very close to the predicted solubility of cerussite (121 μg/L,
Figure S6), and the measured dissolved Pb concentrations at
pH 6.7 and 8.5 were also in agreement with trends and
magnitudes of predicted solubility (3600 μg/L at pH 6.7 and
64 μg/L at pH 8.5). Calcite was found in the scales of coupons
conditioned at pH 8.5 based on both XRD and SEM-EDS
results (Figure S7), which is consistent with a 25 mg/L drop in
dissolved Ca concentrations at this pH (Figure S8).
The total Pb concentrations were higher than the dissolved
Pb concentrations at all pH values studied (Figure S2 and
Figure S9). Particulate Pb was dominant, especially at pH 7.7
and pH 8.5. In actual LSLs, the mobilization of particulate Pb
is more random and unpredictable than the generation of
dissolved lead.39−43
Al Accumulation on Pb Coupons in Phosphate-Free
Systems. In comparison to the initial Al dose, the decrease of
total Al concentrations at pH 6.7 and 7.7 (Figure 1a and Figure
S10) reveals that Al was taken up by the Pb coupons. Al
accumulation was negligible at pH 8.5. The distribution of Al
between dissolved and solid species was pH-dependent. For an
initial dose of 200 μg/L Al, control experiments showed that Al
was primarily present as particulate at pH 6.7 and was almost
entirely dissolved (∼185 μg/L) at pH 7.7 and pH 8.7 (Figure
S11). Particulate Al (assumed to be Al hydroxide) could
potentially deposit on the surfaces of HDPE bottle walls at pH
6.7 in the control system (Figure S11). When Pb coupons were
present, the deposition of Al was on coupon surfaces instead of
on bottle walls (Figure 1), suggesting that oxidized Pb surfaces
were more favorable for particulate Al deposition than plastic
surfaces.
While dissolved Al was stable near the initial dose at pH 7.7
in the control system (Figure S11), in the presence of Pb
coupons, Al accumulated on the coupon surface (Figure 1).
We speculate that Pb corrosion products could enhance Al
accumulation by facilitating the initial formation of Al
hydroxides on their surfaces via heterogeneous nucleation.44−46 Until day 105, Al accumulated at an accelerating
rate, which indicates that Al accumulation was enhanced by the
previously formed Al hydroxides on coupon surfaces. The
same pattern of Al accumulation at pH 7.7 was also observed at
the other Al doses studied (Figure S10). It is worth noting that
because actual Pb pipe scales can have more complex
compositions than those developed under laboratory conditions, the extent to which lead-containing pipe scales
inﬂuence Al accumulation may be diﬀerent in the ﬁeld.
In the control system at pH 7.7, dissolved Al (∼185 μg/L)
was controlled by Al-containing solids with a solubility
between that of crystalline gibbsite (0.1 μg/L) and amorphous
Al(OH)3(s) (916 μg/L) (Figure S12).47 However, in the
coupon-containing system, the dissolved Al had decreased and
stabilized at 20 μg/L after day 105, which suggested that less
soluble Al solids were formed in the presence of coupon

Pb release. The temperature of water in all experiments was 24
± 2 °C.
The overall experiment was divided into three stages. At
each stage, the water solutions to which Pb coupons were
exposed contained the same basic components but diﬀerent
concentrations of Al or phosphate (Table 1). The experiments
were conducted at least in duplicate, and most were done in
triplicate.
During Stage I, all Pb coupons were conditioned to develop
Pb corrosion scales. Each 3-day cycle was started by adding
120 mL of new water to a reactor to immerse the two Pb
coupons. The water was changed every 3 days. Within a 3-day
cycle, free chlorine concentration and solution pH were
monitored and adjusted to their initial levels (2.0 mg/L Cl2,
pH ± 0.1) once per day. At the end of a 3-day cycle, a 6.0 mL
aliquot was ﬁltered with a 0.22-μm polyethersulfone membrane
ﬁlter (Tisch Scientiﬁc) and then acidiﬁed to 1% (w/w) HNO3
for preservation prior to analysis of dissolved Pb and Al. A
preliminary test found that dissolved Pb concentrations were
the same when determined using 0.05 ﬁlters or 0.22 μm ﬁlters.
To recover all the Pb that was released by Pb coupons, the Pb
coupons were removed from the reactor and then concentrated
HNO3 was added to the reactor to achieve a 1% (w/w)
concentration of HNO3. After acidiﬁcation of the reactor for 3
days, a water sample was collected for the analysis of total Pb
concentration. Particulate Pb concentrations were calculated as
the diﬀerence between total and dissolved concentrations.
After 75 days of conditioning, dissolved Pb concentrations
had become stable and Stage II was started. All the
experimental conditions in Stage II continued as in Stage I
except that Al and/or PO43− were added to selected reactors to
investigate Al accumulation and Pb release in phosphatecontaining or phosphate-free systems (Table 1). Experiments
ApH6.7−200Al, CpH8.7−200Al, and GpH7.7−200Al−P with pH values of
6.7, 7.7, and 8.7 received 200 μg/L Al, in contrast to their
counterparts BpH6.7−0Al, DpH8.7−0Al, and EpH7.7−0Al that received
no Al. Experiments F pH7.7−100Al−P , G pH7.7−200Al−P , and
HpH7.7−500Al investigated the eﬀect of Al concentration on Al
uptake and lead release in the absence of phosphate at pH 7.7.
Experiments IpH7.7‑P and JpH7.7‑P+200Al were designed to test the
eﬀect of Al on the ability of phosphate to control Pb release.
They both contained 1.0 mg/L phosphate (as P), but only
JpH7.7‑P+200Al contained 200 μg/L Al. Phosphate and Al were
dosed only at the beginning of a 3-day experimental cycle, and
their total and dissolved concentrations were monitored after 3
days. Control experiments without coupons were conducted
with HDPE bottles to determine the extent of Al loss from
solution in the absence of coupons; details are provided in SI.
Only experiment GpH7.7−200Al−P went on to Stage III. This
was done to investigate whether Al would aﬀect the ability of
phosphate to control Pb release when phosphate was added to
Pb coupons on which Al deposits had already formed. In Stage
III, 1.0 mg/L phosphate (as P) in addition to 200 μg/L Al was
dosed to the GpH7.7−200Al−P system, which had been receiving Al
since the beginning of Stage II (135 days).

■

RESULTS AND DISCUSSION
Conditioning of Pb Coupons. Pb release to water in
diﬀerent systems became stable after 75 days of conditioning.
During days 63−75, the average values of dissolved Pb
concentrations (Figure S2) in the replicate systems with initial
pH values of 6.7, 7.7, and 8.7 were 1658, 133, and 96 μg/L,
respectively, with relative standard deviations less than 20%
6144
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Figure 1. Uptake of (a) dissolved Al and (b) total Al by Pb coupons
in the systems with diﬀerent initial pH values. Water samples were
taken for Al analysis at the end of a 3-day experimental cycle. Error
bars are the standard deviation of the replicate experiments. For pH
8.7 systems, the pH values measured after 1 day were about 8.5.

surfaces. While Al solids clearly accumulated on coupon
surfaces, these solids were amorphous since no Al-containing
crystalline solid phases were detected by XRD; this is
consistent with the amorphism of Al-containing scales
collected in the ﬁeld.20,21
Eﬀect of Al Deposits on Pb Release. Although Al
deposits gradually formed at pH 6.7 and pH 7.7, no signiﬁcant
eﬀect of Al accumulation on either dissolved or particulate Pb
release was observed (Figure 2 and Figure S13). The absence
of a statistically signiﬁcant eﬀect was based on 2-tailed paired t
tests not yielding p-values below 0.05 (Table S3). The level of
dissolved Pb in all pH 7.7 systems was very close to the
predicted solubility of cerussite in Stage II, regardless of Al
addition.
Compared to the time scale of Al accumulation on pipe
surfaces in the ﬁeld, the experiment period (Stage II) was
relatively short. For the system receiving 500 μg/L Al, the
maximum amount of Al deposits formed on coupon surfaces
after Stage II was calculated to be 1.33 g/m2. Assuming a
density of the solid phases of 2 g/cm3, the thickness of such Alcontaining scales would only be 0.7 μm. This thickness
estimation can explain why SEM imaging did not observe a
layer of Al on the cross-section of Pb coupons (Figure S14).
For pipes used for water supply that have Al-rich scales, the Alrich portion of the scale can be on the order of 700 μm.32,48
The Al deposits accumulated in this study might be too thin to
inﬂuence Pb corrosion and mobilization. In addition to the
depth, the ultimate crystallinity and compositional complexity

Figure 2. Dissolved Pb concentrations with and without Al added (Al
dosing started at day 75) in the system with an initial pH of (a) 6.7,
(b) 7.7, and (c) 8.7 (maintained at around 8.5). Water samples were
taken for Pb analysis at the end of a 3-day experimental cycle. Error
bars are the standard deviation of the replicate experiments.

of Al-bearing deposits could also change with time, making it
hard to ascertain if the long-term impact of Al on Pb release in
real LSLs is the same as that observed in laboratory.
Phosphate’s Ability to Control Dissolved Pb in the
Presence and Absence of Al. Unless otherwise noted, the
following discussion is focused on experiments at pH 7.7. The
ability of phosphate to act as a Pb corrosion inhibitor was
signiﬁcant, but it was aﬀected by Al exposure. First, the
presence of Al delayed the emergence of phosphate’s eﬀect on
Pb control. After the addition of 1.0 mg/L phosphate (as P), it
took 36 days for dissolved Pb to decrease and reach a stable
value in the phosphate-only system (IpH7.7‑P‑0Al); however, it
took 60 days when phosphate was dosed to the phosphate-Al
system (JpH7.7‑P+200Al) that concurrently received 200 μg/L Al
(Figure 3a,b). Second, while the Pb concentration in both the
presence and absence of Al ultimately decreased after
phosphate addition, it decreased to a lower concentration in
6145
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Figure 3. Dissolved Pb concentration (a) in the system (IpH7.7‑P‑0Al) with 1.0 mg/L phosphate added and (b) in the system (JpH7.7‑P+200Al) with 1.0
mg/L phosphate (as P) and 200 μg/L Al added. (c) Residual chlorine and (d) residual total phosphate concentration (as P) in the system
IpH7.7‑P‑0Al and JpH7.7‑P+200Al. Water samples were taken for Pb or phosphate analysis at the end of a 3-day experimental cycle. Error bars are the
standard deviation of the replicate experiments.

the absence of Al (1.0 μg/L) than when Al was present (10−
12 μg/L) (Figure 3a,b).
In addition to decreasing Pb release, phosphate addition was
also eﬀective in maintaining chlorine residual. In the
phosphate-only system, the residual concentration of free
chlorine remaining after a 3-day contact period started to
increase substantially 10 days after the initial dosing of
phosphate and reached a plateau (1.6−1.8 mg/L) about 20
days after dissolved Pb concentrations had stabilized at their
lowest levels (after day 130) (Figure 3c). However, when Al
was present it took 40 days after the start of phosphate dosing
for the chlorine residual to reach higher values. As with the
phosphate-only system, the residual chlorine level reached a
plateau about 20 days after the dissolved Pb concentration had
stabilized at a low value. Given the greater overall consumption
of free chlorine, more oxidation of Pb(0) to Pb(II) or Pb(II)
to Pb(IV) was anticipated in the phosphate-Al system.
It took time for the development of less soluble Pb solids on
coupon surfaces in systems dosed with 1.0 mg/L P. With
increasing time in Stage II, the dissolved Pb concentrations
dropped while the residual dissolved phosphate concentrations
rose. The increase in phosphate residual lagged the increase in
chlorine residual in systems receiving phosphate (Figure 3c,d).
In control systems (200 μg/L Al + 1.0 mg/L P but no Pb
coupon), the presence of Al only resulted in 5% loss of
dissolved phosphate. The greater consumption of phosphate in
reactors with the Pb coupons than in the controls was probably
due to its reaction with Pb(II) and the formation of Pb
phosphate solids on coupon surfaces. The presence of Al
enhanced phosphate consumption (Figure 3d).

The eﬀect of Al on phosphate’s ability to control Pb release
was also observed for Pb coupons on which Al deposits had
already formed. After the addition of phosphate to the system
which had been receiving 200 μg/L Al for 138 days, dissolved
Pb concentrations decreased and stabilized at 10−12 μg/L
(Figure 4), which is identical to the stable concentration
achieved when Al and phosphate were dosed concurrently.
Chlorine residual reached a plateau value almost immediately
after the dissolved Pb concentration decreased to the lowest
level at day 240.
XRD patterns (Figure 5) show that phosphohedyphane
(Ca2Pb3(PO4)3(Cl,OH)), a Pb phosphate solid, was formed in
the systems with phosphate added. This solid formed both
with and without the presence of Al. EDS analysis performed
during SEM imaging (Figure S15) that showed that the scales
were composed of C, Ca, Pb, P, Cl, and O is consistent with
the presence of phosphohedyphane. Ca-Pb-phosphate solids
have also been observed in scales on actual lead service
lines.16,49,50 Since phosphohedyphane has a similar structure to
hydroxylpyromorphite [Pb5(PO4)3(OH)], their solubilities
may be similar (hydroxylpyromorphite has a solubility of 4.3
μg/L at pH 7.7, a DIC of 0.3 mM, and a phosphate
concentration of 1.0 mg/L as P, Figure S6). Cerussite and
litharge, which are more soluble than hydroxylpyromorphite,
were still detectable in coupon scales even after phosphate
addition.
It was diﬃcult to determine from XRD whether PbO2 had
formed in the scales, because the characteristic XRD peaks of
plattnerite (β-PbO2) overlapped with those of other minerals.
However, the iodometric method allowed not only the
conﬁrmation of the presence of PbO2 in the scales of corrosion
6146
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of Pb corrosion products on coupons in the phosphate-Al
system were greater than those in the phosphate-only system,
consistent with more consumption of free chlorine.
From the perspective of solubility, the dissolved Pb
concentration in the phosphate-only system is more consistent
with control by PbO2 (predicted solubility <0.1 μg/L, Figure
S6) than by phosphohedyphane. In contrast, in the phosphateAl system, dissolved Pb concentrations are more consistent
with control by phosphohedyphane. The SEM-EDS analysis
shows that the ratio of P to Pb in the coupon scales was closer
to that of pure phosphohedyphane for the phosphate-Al
system than for the phosphate-only system (Figure S16).
Because no reference materials were used to calibrate the EDS
system, we cannot provide exact absolute element composition
and focus only on the relative contents of P and Pb. Because
SEM-EDS is a surface analysis technique, those results indicate
that phosphohedyphane in the phosphate-Al system might be
more abundant than in the phosphate-only system at the
surface of scales where the solids are in direct contact with
water. For scales as thin as those developed in this study,
admittedly, the exact surface composition of coupons cannot
be precisely known because underlying materials could also be
contributing to EDS results. The iodometric analysis
quantitatively determined that the scales from the phosphateAl system had more PbO2 than the scales from the phosphateonly system, but the scales from the phosphate-Al system also
had more phosphohedyphane based on XRD and EDS analysis
(Figure 5, Figure S16) and the overall greater consumption of
phosphate from solution in the phosphate-Al system. The
location and amount of phosphohedyphane within the scale
could make it the dominant solid that governed dissolved Pb
concentrations for the phosphate-Al system. The reasons why
Al could alter the composition and morphology of Pb solids
are currently unknown and require more research.
The content of PbO2 was not directly correlated with the
release of dissolved Pb. The iodometric analysis showed that
PbO2 was also formed in the systems without added
phosphate. The portion of the corrosion scales physically
removed from the coupon surfaces in the phosphate-free
system contained 19% PbO2 (by mass) at the end of Stage II
(day 213), but the dissolved Pb concentration was still as high
as 120 μg/L, which is consistent with control by the solubility
of cerussite. This PbO2 content was much higher than in the
systems with phosphate addition (IpH7.7‑P‑0Al and JpH7.7‑P+200Al),
which may be related to an inhibitory eﬀect of phosphate on
PbO2 formation.51 In the phosphate-free system, Pb(II) solids
(e.g., cerussite) could be on the top of PbO2 and in contact
with water because the initial PbO2 that formed may have been
partially reduced back to Pb(II) after free chlorine had
decreased to a low level at the end of a day (Figure 3).
Although the total amount of PbO2 increased with time, this
solid was probably not the dominant phase in contact with
water. The PbO2 formed in the presence of phosphate may
have been more stable because phosphate can enable a more
stable free chlorine residual by forming protective Pbphosphate solids with lower Pb solubility and by reducing
chlorine consumption due to Pb0 and Pb(II) oxidation. With
suﬃcient chorine, PbO2 would be able to form and persist as
the solid at the top of the scale where it could be in direct
contact with the water.
Phosphate’s Ability to Control Particulate Pb. The
concentrations of particulate Pb were highly variable even 100
days after the initial addition of phosphate (Figures S17−S19).

Figure 4. (a) Dissolved Pb concentration and (b) average value of
residual chlorine concentration in system GpH7.7−200Al−P. Al dose = 200
μg/L, phosphate dose = 1.0 mg/L P. Water samples were taken for Pb
analysis at the end of a 3-day experimental cycle. Error bars are the
standard deviation of the replicate experiments.

Figure 5. X-ray diﬀraction patterns of powders collected from Pb
coupons developed under diﬀerent conditions in Stage II. The
characteristic peaks of, cerussite (PDF card: 00-047-1734), plattnerite
(PDF card: 00-041-1734), litharge (PDF card: 00-005-0561), Pb0
(PDF card: 00-004-0686), and phosphohedyphane (accessible at
http://rruﬀ.info/) phases are shown for reference.

products but also the quantiﬁcation of PbO2 content. In the
phosphate-Al system (IpH7.7‑P‑0Al), PbO2 measured by this
iodometric method accounted for 5% of the total mass of Pbcontaining powders that were removable from coupon
corrosion scales while the content of PbO2 in the phosphateonly system (JpH7.7‑P+200Al) was 1%. Notably, the total amounts
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Figure 6. Residual (a) dissolved Al and (b) particulate Al concentration in the system with 1.0 mg/L phosphate (as P) and 200 μg/L Al
simultaneously added since day 75. Residual (c) dissolved Al and (d) particulate Al concentration before and after 1.0 mg/L P was dosed to the
system which had been receiving Al during days 75−213. Water samples were taken for Al analysis at the end of a 3-day experimental cycle.

Their deposition on coupon surfaces was not favorable,
because cerussite is also negatively charged at near-neutral
pH.57,58 The dominant dissolved Al(III) species Al(OH)4−
would not be adsorbed by cerussite either. Even when there
were small amounts of Al hydroxides already formed on
coupon surfaces, the uptake of either dissolved Al or
particulate Al would also be suppressed by phosphate because
phosphate adsorption to the Al hydroxides can make their
surfaces negatively charged.59−61
Environmental Implications. This study identiﬁed key
factors that inﬂuence Al accumulation on Pb corrosion
products. Al accumulation was facilitated by the Pb carbonate
and oxide corrosion products present on Pb coupons. The
presence of phosphate enhanced the loss of Al from solution,
but it inhibited the extent to which the Al-containing
precipitates could deposit and accumulate on Pb corrosion
products. The observed eﬀect of Al on dissolved Pb release
have important implications for Pb control, particularly when
orthophosphate is used as a corrosion inhibitor and free
chlorine is applied as the secondary disinfectant.
This study illustrates the recognized challenge of predicting
dissolved Pb concentrations based on the solubility of the
relevant Pb corrosion products when multiple Pb-containing
solid phases are present. Because only the Pb minerals in
contact with water can govern Pb release, the relative content
and spatial relationships of the diﬀerent Pb-containing solids
present in a pipe scale may be the key factors aﬀecting their
contribution to dissolved Pb release. A previous study found
that PbO2 was located underneath Pb(II) carbonates and
oxides in some actual Pb pipe scales.20 The present study

A longer period for control of particulate Pb than dissolved Pb
is consistent with previous studies.52−54 Welter et al. found
that occasional high concentrations of particulate Pb persisted
in pipe loops using harvested lead service lines even 5 months
after phosphate dosing.54 Although particulate Pb concentrations were higher than dissolved concentrations, they did
still decrease with sustained dosing of phosphate (Figure S18).
No signiﬁcant eﬀect of Al on particulate Pb release was
observed during the study period.
Al Accumulation on Pb Coupons in a PhosphateContaining System. Control experiments show that the
dosing of 1.0 mg/L P to the solution with 200 μg/L Al yielded
120 ± 10 μg/L (4.44 ± 0.37 μM) particulate Al at pH 7.7. The
precipitation of Al was accompanied by 0.045 ± 0.007 mg/L
(1.45 ± 0.23 μM) loss of dissolved phosphate from water,
indicating that the particulate Al was not pure AlPO4 (s).
Although more Al precipitated when phosphate was added,
less of this precipitated Al accumulated on coupon surfaces
when phosphate was present. In comparison with the
phosphate-free system (Figure 1), the uptake of dissolved Al
by Pb coupons was much less when phosphate was added and
there was little deposition of particulate Al on the coupon
surfaces (Figure 6a,b). The inhibitory eﬀect of phosphate on Al
accumulation was also observed for experiments in which Al
deposits had already formed on Pb coupons when phosphate
addition was started. After phosphate was dosed on day 213,
dissolved and particulate Al both increased (Figure 6c,d).
Unlike the positively charged Al hydroxides in the absence
of phosphate,55,56 the Al-rich particles that formed when
phosphate was present were negatively charged (Figure S20).
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revealed the diﬀerence in composition and morphology of
coupon surfaces in the phosphate-only and phosphate-Al
system, which may partly explain why the observed dissolved
Pb concentrations in these systems were diﬀerent. The scales
present in this study were too thin for detailed microstructural
characterization, but an examination of the spatial distribution
of PbO2 and Pb phosphate solids in pipes delivering water with
free chlorine and phosphate is a potential future research
opportunity.
The ﬁndings regarding Al’s eﬀect on Pb release from
corrosion scales are based on laboratory studies that are short
relative to the ages of actual service lines. The composition and
structure of Pb corrosion scales developed over decades in the
ﬁeld can be more complicated. Additional ﬁeld-relevant factors
will need to be assessed when examining the eﬀect of Al on Pb
corrosion control for full-scale systems. These factors include
the duration of a Pb corrosion control process, the presence of
other metals within the scale (Fe and Mn in particular), the
role of organic matter, seasonal variation in water composition
and temperature, and the role of water ﬂow.
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(10) Trueman, B. F.; Krkošek, W. H.; Gagnon, G. A. Effects of
ortho-and polyphosphates on lead speciation in drinking water.
Environmental Science: Water Research & Technology 2018, 4 (4),
505−512.
(11) Davidson, C. M.; Peters, N. J.; Britton, A.; Brady, L.; Gardiner,
P. H. E.; Lewis, B. D. Surface analysis and depth profiling of corrosion
products formed in lead pipes used to supply low alkalinity drinking
water. Water Sci. Technol. 2004, 49 (2), 49−54.
(12) Schock, M. R.; Lytle, D. A.; Sandvig, A. M.; Clement, J.;
Harmon, S. M. Replacing polyphosphate with silicate to solve lead,
copper, and source water iron problems. J. - Am. Water Works Assoc.
2005, 97 (11), 84−93.
(13) McNeill, L. S.; Edwards, M. Phosphate inhibitor use at US
utilities. J. - Am. Water Works Assoc. 2002, 94 (7), 57−63.
(14) Xie, Y.; Giammar, D. E. Effects of flow and water chemistry on
lead release rates from pipe scales. Water Res. 2011, 45 (19), 6525−
6534.
(15) Noel, J. D.; Wang, Y.; Giammar, D. E. Effect of water chemistry
on the dissolution rate of the lead corrosion product hydrocerussite.
Water Res. 2014, 54, 237−246.
(16) Bae, Y.; Pasteris, J. D.; Giammar, D. E. The Ability of
Phosphate To Prevent Lead Release from Pipe Scale When Switching
from Free Chlorine to Monochloramine. Environ. Sci. Technol. 2020,
54 (2), 879−888.
(17) Wang, Y.; Mehta, V.; Welter, G. J.; Giammar, D. E. Effect of
connection methods on lead release from galvanic corrosion. J. - Am.
Water Works Assoc. 2013, 105 (7), E337.

ASSOCIATED CONTENT

* Supporting Information
sı

The Supporting Information is available free of charge on the
ACS Publications Web site. Additional information about
statistical analysis, maintenance of pH, the level of dissolved Pb
concentration after conditioning, Raman, XRD, SEM-EDS, ζ
potential analysis, predicted solubility of Pb minerals and Al
minerals, total Pb concentration and phosphate eﬀect on its
control. The Supporting Information is available free of charge
at https://pubs.acs.org/doi/10.1021/acs.est.0c00738.
(PDF)

■

Article

AUTHOR INFORMATION

Corresponding Author

Daniel E. Giammar − Department of Energy, Environmental
and Chemical Engineering, Washington University in St. Louis,
St. Louis, Missouri 63130, United States; orcid.org/00000002-4634-5640; Email: giammar@wustl.edu

Authors

Guiwei Li − Key Laboratory of Drinking Water Science and
Technology, Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, Beijing 100085, China;
Department of Energy, Environmental and Chemical
Engineering, Washington University in St. Louis, St. Louis,
Missouri 63130, United States; University of Chinese Academy
of Sciences, Beijing 100049, China; orcid.org/0000-00027780-1936
Yeunook Bae − Department of Energy, Environmental and
Chemical Engineering, Washington University in St. Louis, St.
Louis, Missouri 63130, United States; orcid.org/00000001-5580-9008
Anushka Mishrra − Department of Energy, Environmental and
Chemical Engineering, Washington University in St. Louis, St.
Louis, Missouri 63130, United States
Baoyou Shi − Key Laboratory of Drinking Water Science and
Technology, Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, Beijing 100085, China; University
of Chinese Academy of Sciences, Beijing 100049, China;
orcid.org/0000-0003-2129-4717

Complete contact information is available at:
6149

https://dx.doi.org/10.1021/acs.est.0c00738
Environ. Sci. Technol. 2020, 54, 6142−6151

Environmental Science & Technology

pubs.acs.org/est

(18) Gerke, T. L.; Little, B. J.; Maynard, J. B. Manganese deposition
in drinking water distribution systems. Sci. Total Environ. 2016, 541,
184−193.
(19) Schock, M. R.; Hyland, R. N.; Welch, M. M. Occurrence of
contaminant accumulation in lead pipe scales from domestic drinkingwater distribution systems. Environ. Sci. Technol. 2008, 42 (12),
4285−4291.
(20) Wasserstrom, L. W.; Miller, S. A.; Triantafyllidou, S.; Desantis,
M. K.; Schock, M. R. Scale formation under blended phosphate
treatment for a utility with lead pipes. Journal-American Water Works
Association 2017, 109 (11), E464−E478.
(21) Snoeyink, V. L.; Schock, M. R.; Sarin, P.; Wang, L.; Chen, A. S.C.; Harmon, S. M. Aluminium-containing scales in water distribution
systems: Prevalence and composition. Aqua 2003, 52 (7), 455−474.
(22) Hayes, C. R.; Croft, N.; Phillips, E.; Craik, S.; Schock, M. R. An
evaluation of sampling methods and supporting techniques for
tackling lead in drinking water in Alberta Province. Aqua 2016, 65
(5), 373−383.
(23) Trueman, B. F.; Gagnon, G. A. Understanding the Role of
Particulate Iron in Lead Release to Drinking Water. Environ. Sci.
Technol. 2016, 50 (17), 9053−9060.
(24) Camara, E.; Montreuil, K. R.; Knowles, A. K.; Gagnon, G. A.
Role of the water main in lead service line replacement: A utility case
study. J. - Am. Water Works Assoc. 2013, 105 (8), E423−E431.
(25) Trueman, B. F.; Gregory, B. S.; McCormick, N. E.; Gao, Y.;
Gora, S.; Anaviapik-Soucie, T.; L’Hérault, V.; Gagnon, G. A.
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