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ABSTRACT: Lead and manganese are regulated in drinking
water due to their neurotoxicity. These elements have been
reported to co-occur in drinking water systems, in accordance
with the metal-scavenging properties of MnO2. To the extent
that manganese is a driver of lead release, controlling it during
water treatment may reduce lead levels. We investigated
transport of lead and manganese at the tap in a full-scale
distribution system: consistent with a cotransport phenom-
enon, the two metals were detected in the same colloidal size
fraction by size-exclusion chromatography with multielement
detection. We also studied the effect of manganese on lead
release using a model distribution system: increasing
manganese from 4 to 215 μg L−1 nearly doubled lead release.
This effect was attributed primarily to deposition corrosion of lead by oxidized phases of manganese, and we used 16S rRNA
sequencing to identify bacteria that may be relevant to this process. We explored the deposition corrosion mechanism by
coupling pure lead with either MnO2-coated lead or pure lead exposed to MnO2 in suspension; we observed galvanic currents in
both cases. We attributed these to reduction of Mn(IV) under anaerobic conditions, and we attributed the additional current
under aerobic conditions to oxygen reduction catalyzed by MnO2.

■ INTRODUCTION

Lead (Pb) is a neurotoxin with cognitive effects even at low
exposure levels,1 and drinking water represents an important
contemporary exposure route.2−4 Studies have linked man-
ganese (Mn) intake via drinking water with neurotoxicity in
children,5−8 and coexposure to lead and manganese may
diminish IQ interactively.7 That is, lead toxicity could be
greater among children with high manganese intake. In light of
health risks, a maximum concentration of 100 μg Mn L−1 has
been proposed recently in Canada,9 and a new maximum of 5
μg Pb L−1 has just been adopted.10 In the U.S., monitoring for
lead and manganese is required under the Lead and Copper
Rule11 and the Fourth Unregulated Contaminant Monitoring
Rule,12 respectively.
Lead in drinking water is released primarily from system

components, while manganese originates mainly from source
water. Manganese has been shown to accumulate on lead,13−15

where it is typically present in amorphous oxide deposits.13,14

These may interfere with formation of protective lead
orthophosphate16 or lead(IV) oxide15 films.
MnO2 may also increase lead release, as iron oxides may,17,18

by deposition corrosion. MnO2 has sufficient electrical
conductivity to support oxygen reduction,19,20 and deposits
on lead might provide sites for this reaction. Manganese(IV)
may dissolve reductively by accepting electrons liberated in the

oxidation of lead; a similar mechanism has been proposed to
explain MnO2 deposition corrosion of stainless steel.21 These
mechanisms are linked with biological oxidation of manganese:
biogenic MnO2 has been observed on corroding surfaces
coated in biofilm.21 Moreover, manganese reduced in the
oxidation of lead could be reoxidized biologically.21

MnO2 is an effective trace metal scavenger,22−25 and it
representslike iron oxide26−28a potential vector for lead
transport.29 Lead and MnO2 exhibit a preferred associa-
tion,22−25 and biogenic MnO2 may adsorb even more lead than
chemically oxidized manganese. Due to its greater specific
surface area, biogenic MnO2 in one study adsorbed 2−5 times
more lead than synthetic MnO2.

30 Consistent with the
reported affinity of lead for MnO2, correlation between
particulate lead and manganese has been reported in drinking
water.15 Suspended colloidal MnO2 could serve as a mobile
sink for lead released from corrosion scale, maintaining low
activity of lead in solution and promoting undersaturated
conditions (i.e., dissolution of the solubility-controlling phase)
as described in general elsewhere.31,32 MnO2 deposits may
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accumulate lead in a similar manner, representing a potential
source of lead in drinking water.15,27,28

Here, we investigated manganese interactions with lead at
several scales. Previously, in a full-scale system with low
manganese levels (<20 μg L−1), we used size-exclusion
chromatography (SEC) with multielement detection to
identify a strong correlation between colloidal lead and iron
in tap water samples from 23 homes.26 On the basis of
standards, varying separation parameters, and supplementary
filtration, we interpreted this as an indicator of colloidal
particles rich in lead and iron. Here, we sought to determine
whether, in a full-scale system with higher levels of manganese
(>130 μg L−1), a similar correlation could be observed
between lead and manganese in the colloidal size range. Our
data suggest that manganese, iron, and natural organic matter
(NOM) all influence speciation and transport of lead from
source to tap.
We also evaluated the effect of manganese on lead release in

a model distribution system, and we identified known
manganese-oxidizing bacteria (MOB) at the pipe surface. In
additional experiments, we characterized galvanic corrosion of
lead by MnO2, showing that manganese deposition corrosion is
a viable explanation for many of our observations.

■ MATERIALS AND METHODS
Full-Scale System. First-draw samples were collected at

randomly selected times during the day at taps in two separate
buildings in a full-scale water system. Details are provided in
the Supporting Information. We selected a system supplied by
chlorinated surface water from a river-fed reservoir, and water
quality is summarized in Table S1.
Annular Reactors. We used annular reactors to simulate

water distribution mains. Four reactors were operated in
parallel at 50 rpm to achieve a shear stress of 0.25 N m−2,
modeling a flow rate of 0.3 m s−1 in a 100 mm diameter
smooth pipe.33 Flow rates were maintained to achieve a
retention time of 2 h and polycarbonate coupons were
mounted within the reactors as inert surfaces for biofilm
growth.34,35 Before the experiment, annular reactors and
coupons were cleaned and sterilized according to procedures
detailed elsewhere.36−38

Tap waterdechlorinated by granular activated carbon
was used as the feedwater to the annular reactors. Activated
carbon filtration may have influenced the model system
microbiome,39 but this effect would have been constant across
experimental treatments. Here, the dechlorinated condition is
representative of water systems that either do not maintain40

or have difficulty maintaining41 a disinfectant residual. The full-
scale system we studied falls into the latter category, with free
chlorine residuals below 0.2 mg L−1 at the tap (Table S1).
Alkalinity in reactor feedwater was 19.5 mg CaCO3 L

−1, and
dissolved oxygen was at or near saturation (approximately 9
mg L−1 at 20 °C, see the feedwater summary, Table S2).
During stagnation in lead pipes, dissolved oxygen was expected
to deplete according to empirical curves published elsewhere.42

Feedwater was modified to achieve the experimental
conditions. Two reactors were operated at the ambient
feedwater concentration (median 4.0 μg L−1), and two were
dosed with MnSO4 to yield a median effluent concentration of
215 μg Mn L−1. This exceeds guidelines9 but is comparable
with levels in the full-scale system (135−191 μg Mn L−1). To
assess the effect of nutrients on biofilm, two effluent
orthophosphate concentrations median 1.01 and 1.31 mg

PO4 L
−1were investigated as a two-factor orthogonal design.

That is, all four combinations of two orthophosphate and two
manganese concentrations were represented. The median
difference between orthophosphate doses was 0.54 with an
interquartile range of 0.04−0.71 mg PO4 L

−1.
Before introducing lead pipes to the system, reactors were

operated over a 12-week period at nominal doses of 1.7 and 2.2
mg PO4 L

−1, achieved with additional H3PO4. Following this,
the low orthophosphate dose (1.01 mg L−1) was obtained by
passing feedwater through Fe(OH)3 filters, and the high dose
(1.31 mg L−1) represented the ambient feedwater concen-
tration (zinc orthophosphate was added at the treatment
plant). Median iron in filter effluent was low, 9.3 μg L−1 (n =
12), but total organic carbon (TOC) was greater in annular
reactor effluent by 0.6 mg L−1 at the higher orthophosphate
dose (1.8 vs 1.2 mg TOC L−1). That is, Fe(OH)3 filters also
removed TOC. This difference may have influenced biofilm,
but the effect was not separable from the effect of
orthophosphate (i.e., TOC and orthophosphate were positively
correlated). To the extent that higher TOC increased lead
release, we underestimated the effect of orthophosphate.
However, differences in TOC were probably not a strong
determinant of lead solubility: previously, we found little
evidence of Pb−NOM complexation in distributed water from
the same source.43 This was likely due to removal of metal-
complexing organic fractions by coagulation at the treatment
plant. Median annular reactor effluent temperature and pH
were 21 °C and 7.25 (after chemical addition), respectively.
Owing to minor contamination from a previous experiment,
annular reactors released detectable levels of lead (median 17
μg L−1), but they were typically less than 0.5% of pipe effluent
concentrations.

Lead Pipe Sections. Effluent from each annular reactor
was fed directly into a lead pipe section; each manganese
concentration was represented by two sections. Before the
experiment, corrosion scale was removed from the recovered
pipe sections by dissolution in 1.8 M HNO3. Hydrocerussite
and hydroxypyromorphite have been identified previously as
the only crystalline phases in lead pipe scale extracted from the
same distribution system,43 and both are soluble in dilute
HNO3.

44 Pipe sections were acclimated over a 16-week period
under the experimental conditions; the duration of condition-
ing was chosen based on previous studies.45,46 After
conditioning, 6 h stagnant, unfiltered water samples were
collected weekly (Figure S1) in HNO3-washed 0.5 L HDPE
bottles, preserved with trace metal-grade HNO3, and digested
at 105 °C with additional HNO3 (Standard Method 3030 E).47

Otherwise, flow through the system was approximately 8 mL
min−1.

Galvanic Corrosion Cells. We conducted separate experi-
ments in a single-chamber galvanic cell (Figure S2), logging
current with a multimeter (±1.2% accuracy in the relevant
current range). The cell contained two lead coupons
(approximately 40 × 10 × 2 mm3), one with and one without
a deposited layer of MnO2. Coupons were cut from a sheet
(Canada Metal) and submerged 30 mm in 60 mg L−1

NaHCO3 solution (pH 8.4). Freshly prepared solution was
saturated with respect to dissolved oxygen, and the deaerated
condition was achieved by nitrogen sparging for 0.5 h48 with a
pH change of less than 0.2. Before each experiment, scale was
removed from all pure lead anodes by immersion in 1.8 M
HNO3 (lead does not passivate in dilute HNO3).

49 At the end
of each experiment, the electrode assembly was removed from
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the glass cell, the electrolyte was acidified to pH < 2 with 0.2
mL of trace metal-grade HNO3, and the solution was held for
24 h to dissolve particulate and adsorbed lead. Tests were run
3−4 times.
MnO2 was deposited anodically onto one of the two lead

electrodes in a separate bath of 1.0 M MnSO4·H2O, as
described elsewhere (half-reactions are summarized in Table
S3).50 A potential difference of approximately 8 V was
maintained over 5 h between the lead electrode and a graphite
counter electrode. After deposition, the MnO2-coated lead
electrode was removed from the MnSO4 solution and washed
with ultrapure water. Some PbO2 formation was expected
during electrodeposition, but none was detected by X-ray
diffraction (XRD) or X-ray photoelectron spectroscopy (XPS)
(see Galvanic corrosion of lead by MnO2). This was probably
due to reductive dissolution of PbO2 by Mn(II).51,52 XRD
analysis of the deposited layer after removal from the surface
did indicate some α-PbO formation (Figure S3) that was not
detected by in situ analysis of the film; α-PbO likely formed
below the X-ray penetration depth at the interface with lead.
We also investigated corrosion of lead by suspended MnO2

in a two-chamber lead−lead galvanic cell (Figure S4) with an
anion-exchange membrane separating the chambers. Each lead
coupon (75 × 12 × 1.5 mm3, Cosasco) was cleaned
sequentially with acetone, ethanol, and dilute HNO3 before
tests. The bottom 50 mm of each coupon was submerged in
200 mL of 60 mg L−1 NaHCO3, deaerated as in the oxygen-
free single-cell experiments. In both experiments, the deaerated
condition represents the limiting case of near-complete oxygen
depletion over long stagnation periods within lead pipes or
premises plumbing.42

MnO2 was synthesized by thermal decomposition of
Mn(NO3)2·xH2O at 310 °C. A mortar and pestle was used
to grind the MnO2 into a fine powder, and the particle size in
suspension was estimated at 442 ± 34 nm by dynamic light
scattering (Malvern Zetasizer). After deaerating both half-cells,
equilibrium current was collected for 1 h and then 60 mg of
MnO2 was added to one of the two chambers. Conditions in
the two chambers were otherwise identical. The chamber
dosed with MnO2 was deaerated again before reconnection,
and current in the presence of MnO2 was measured for another
hour. Tests were run in duplicate.
Other Analytical Methods. Data analysis, the MOB

enumeration method, sequencing methods, XRD, XPS, and
SEC are all described in the Supporting Information and
elsewhere.26,53

■ RESULTS AND DISCUSSION

Lead and Manganese Cotransport in a Full-Scale
Water System. Size-fractionation of water samples collected
in the full-scale system was consistent with cotransport of
manganese, iron, and lead in the colloidal size range (Figure
1a). These elements eluted together at high apparent
molecular weight (8.6 mL peak retention volume) in samples
representing two water taps in separate buildings. Nominally,
colloidal particles were sized between 17 nm (the hydro-
dynamic diameter of thyroglobulin) and 450 nm (the pore size
at which samples were filtered). Negative peaks at retention
volumes of 20−25 mL were due to equilibrium disturbances
associated with the sample solventwhich differed in
composition from the mobile phasepassing through the
column. These have been observed in previous studies.54,55

At the initial sampling round, size separation provided no
evidence of Pb−NOM complexation: lead was detected only at
high molecular weight (Figure 1a). This is consistent with
preferential partitioning of lead to iron-rich colloidal particles
as observed in other surface waters.56 Evidence of colloidal
metals transport is also consistent with expectations based on
water quality: the combination of low ionic strength and high
organic carbon would be expected to promote formation of
stable colloidal metal oxide particles with surfaces coated in
adsorbed NOM.57−59 High molecular weight and largely
hydrophobic60 NOM adsorbs preferentially to iron oxides,59,61

and specific UV absorbance predicts a hydrophobic acid
fraction of approximately 0.5 for this water, based on a
reported correlation (r = 0.95) for 30 U.S. rivers.62

At the second sampling round, manganese was not detected
in a colloidal fraction. Soluble manganese was likely retained
on the stationary phase, as lead and iron are; this would explain
why it was not detected during separation. Lead did elute at
low apparent molecular weight (18.7 mL peak retention
volume), coincident with the principal UV254 peak representing
aromatic NOM (Figure 1b) (aliphatic compounds absorb
poorly at 254 nm but may also be important in this context).
In contrast to data from the first round, this is consistent with

Figure 1. (a) Size-exclusion chromatograms, representing one of two
tap water samples (first round), were consistent with cotransport of
manganese, lead, and iron as colloidal particles, possibly stabilized by
NOM. (b) Size-exclusion chromatograms, representing one of two tap
water samples (second round), were consistent with cotransport of
lead and iron as colloidal particles; manganese was not detected in the
high apparent molecular weight fraction. Lead was also present at low
apparent molecular weight, coincident with the principal UV254 peak
representing NOM. This signal was interpreted as a Pb−NOM
complex. In both panels, the ordinate is represented in arbitrary units;
scales differ by analyte. Peak retention volumes for lead, manganese,
and iron were almost identical for the two samples at each round, but
for brevity, only one is represented here.
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Pb−NOM complexation, as has been observed previously via
SEC with UV and multielement detection.18,63 On the basis of
the elution volume of the model humic isolate, the molecular
weight of the Pb−NOM complex was estimated at less than
1.5 kDa. Differences in the speciation of lead between the two
sampling rounds remain unexplained, but variation in water
age, stagnation time, concentrations of other metals, and free
chlorine concentration may have been important factors in
these observations.
Effect of Manganese in a Model Distribution System.

We also explored the effect of manganese on lead release
experimentally, using annular reactors as models for distribu-
tion mains and lead pipe sections to represent legacy lead
service lines. Elevated manganese accompanied greater lead
release in the model system, as estimated by an additive linear
model: compared with lead release at the background
manganese concentration, release from pipe sections was
greater by 8.0 mg Pb L−1 (95% CI: 4.0−12.0 mg L−1, p =
0.025, n = 53 per group) at the high manganese concentration
(215 μg L−1, Figure 2b). Mean effluent lead concentrations at
the high and low manganese levels were 17.2 and 9.2 mg L−1,
respectively. Most of this lead was particulate: solubility under
the conditions in the model system has been predicted at
approximately 25 μg Pb L−1.67 The dominance of particulate
lead accords with the correlation between turbidity and lead
release: as a linear predictor, lead concentrations explained R2

= 74% of the variation in effluent turbidity (Figure S5, n =
254).
Orthophosphate was also a significant determinant of lead

release as estimated by the additive model: lead in pipe effluent
was lower by 4.0 mg L−1 (95% CI: 0.1−8.0 mg L−1, p = 0.049,
n = 53 per group) at the higher orthophosphate dose (1.31 mg
PO4 L

−1). Mean effluent lead concentrations at the high and
low orthophosphate doses were 11.1 and 15.1 mg L−1,
respectively. In general, orthophosphate reduces lead solubility
by promoting formation of relatively insoluble minerals:
hydroxypyromorphite and chloropyromorphite are two
possibilities that have been identified in field-extracted lead
corrosion scale.45,64 Orthophosphate also reduces particulate
lead release,65 but excess orthophosphate may promote
formation of stable colloidal lead.66 Given the water quality,
pyromorphite (hydroxyl- or chloro-) and a mixture of lead
carbonatesincluding cerussite and hyrdrocerussitewere
expected as the dominant phases within lead pipes in the
model system.67 Lead(IV) oxide was not expected due to the
low free chlorine residual and the presence of orthophosphate,
which inhibits PbO2 formation.68 In addition to its impact on
scale composition, orthophosphate may also be an important
determinant of microbial community structure within dis-
tribution system biofilms (see Presence of manganese oxidizing
bacteria).
Possible Mechanisms for the Effect of Manganese.

Given the increase in manganese of 0.2 mg L−1, the
accompanying increase in lead (8.0 mg L−1) cannot be
explained by adsorption to MnO2 alone. Several other
possibilities exist: perhaps most importantly, deposits of
MnO2 may have supported oxygen reduction19 at the pipe
surface, accelerating oxidation and release of lead. Manganese-
(IV) itself may have acted as an acceptor for electrons liberated
in the oxidation of lead. MOB colonization has been
recognized as a potential factor in the pitting corrosion of
stainless steel,21 and manganese(IV) reduced by lead could be
redeposited within lead pipes via biological oxidation.21

Several observations suggest that MOB facilitated deposition
of manganese within annular reactors. Moreover, the presence
of a pre-established, lead-tolerant, manganese-oxidizing biofilm
upstream from the lead pipes may have aided their
colonization with MOB (see Presence of manganese oxidizing
bacteria). Upstream from the lead pipes, polycarbonate
coupons in annular reactors with added manganese had
median 26.3 μg Mn cm−2 (interquartile range: 14.4−29.6 μg
Mn cm−2, n = 24) and 321 CFU cm−2 (204−428 CFU cm−2)
of MOB (Figure 2b). Coupons in the annular reactors at the
background manganese concentration had much less of both:
1.74 μg Mn cm−2 (1.09−2.10 μg Mn cm−2) and 33.0 CFU
cm−2 (24.5−44.1 CFU cm−2). Surface concentrations of
manganese and MOB were also highly correlated over time
(r = 0.95, Figure 2a, n = 48).
Consistent with a deposition mechanism, manganese was

nonconservative across the length of lead pipe: manganese

Figure 2. (a) Surface concentrations of Mn and MOB were highly
correlated over time at the high influent manganese concentration (r
= 0.95). (b) Lead in pipe effluent and MOB in annular reactors were
greater by 8.0 mg Pb L−1 and 290 CFU cm−2 at the high influent
manganese concentration (215 μg L−1, n = 2 pipes/reactors)
compared with the low concentration (4 μg L−1, n = 2 pipes/
reactors). Boxes enclose the interquartile range, bold vertical lines
divide the boxes at the median, and whiskers extend to the most
extreme value within 1.5 times the interquartile range; points beyond
these limits are displayed individually. (c) At 215 μg L−1 influent
manganese, a net accumulation within lead pipes was observed over
weeks 1−15 of the experiment; a net release was observed from week
16 on. The time trend (conditional mean) was estimated by robust
local linear regression (red line). (N.B., parts c and a include 10−12
weeks of data from the conditioning period.)
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accumulation within pipe sections was inferred over time at the
high influent concentration (215 μg Mn L−1) as the difference
between influent and effluent manganese (Figure 2c, n = 72).
An apparent accumulation was observed from weeks 1−15
and, by extrapolation, over the conditioning period as well.
This was interpreted as deposition at the lead surface due to
MOB. A net release was observed from week 16 on; this may
be explained by reductive Mn(IV) dissolution, by lead or by
manganese-reducing bacteria.21,69 Release of manganese-rich
particles from corrosion scale or, given the particle-rich
environment, partitioning of Mn(II) to suspended solids are
also possible explanations: both manganese and lead were
statistically significant predictors of turbidity in pipe effluent
(see Supporting Information). Previous work suggests that the
speciation of manganese in surface waters is complex, with
dissolved, organically complexed, colloidal, and larger partic-
ulate fractions.70

Galvanic Corrosion of Lead by MnO2. We explained
elevated lead release in the manganese-enriched model system
with reference to MnO2 deposition via biological Mn(II)
oxidation. We explored this idea in follow-up experiments
where MnO2 was either electrochemically deposited on lead or
suspended in an electrolyte that contacted lead.
Deposition of MnO2 on lead generated significant galvanic

current, as determined by coupling the coated electrode with a
pure lead electrode (Figure 3b,c). Even after 16 h, currents
ranged from 11−37 μA (n = 7 runs), corresponding to

theoretical release rates of 426−1432 μg Pb L−1 h−1. The drop
in current over time was attributed largely to scale formation,
which was visible in all experiments. Moreover, observed lead
was 28−79% of that predicted by current, and the difference
can be accounted for by scale. Despite scaling, we showed in
previous work that galvanic current due to coupling of lead and
pure Fe3O4 remained above 2 μA (77 μg Pb L−1 h−1) for at
least several weeks with regular water changes.18

Galvanic current in the deaerated system (Figure 3b) was
attributed primarily to reduction of Mn(IV) at the cathode and
oxidation of lead at the anode. This was in accordance with the
surface characterization: the newly deposited film was
identified by XRD as poorly crystalline akhtenskite (ε-MnO2,
Figure 3a, t = 0 h). The predominant oxidation state of
manganese at the coupon surface was +4, as determined by
XPS based on the binding energy of the 2p3/2 peak (642.5 eV,
Figure 4a)71 and the magnitude of 3s multiplet splitting (4.3

eV, Figure 4b).72 In transition metals, multiplet splitting is
caused by exchange coupling between the 3s hole and 3d
electrons; the energy difference between peaks can be used to
distinguish between the II, III, and IV oxidation states of
manganese.73

Manganese release in the deaerated system was highly
variable (median: 22 μg L−1, range: 10−610 μg L−1). To some
extent, this release may represent spalling of the MnO2 film,
but observed manganese in the water phase represented just
2% of that predicted from current by Faraday’s law. Although
other reactions cannot be ruled out, this suggests formation of
a reduced manganese phase on the cathode surface (e.g.,

Figure 3. (a) XRD patterns representing MnO2 deposited on lead.
Reflections at t = 0 h were attributed to poorly crystalline akhtenskite
(ε-MnO2), which exhibited diminished crystallinity after reaction with
metallic lead (t = 16 h). The ordinate is represented in arbitrary units.
(b) Galvanic current due to coupling of lead (anode) with MnO2-
coated lead (cathode) in a deaerated bicarbonate solution. (c)
Galvanic current due to the same coupling in an aerated bicarbonate
solution. Black lines represent the mean of (at least) triplicate
experiments and shaded regions represent ±1 standard deviation
about the mean.

Figure 4. The predominant manganese oxidation state was
determined by XPS to be +4 at t = 0 h, based on (a) the binding
energy of the 2p3/2 peak (642.5 eV) and (b) the magnitude of 3s
multiplet splitting (4.3 eV). A full XPS peak survey is provided (c) as
a visual summary of elemental composition. Even in the aerated
system, shifts in the positions of the 2p3/2 peak (642.4 eV) and an
increase in the magnitude of 3s multiplet splitting (5.0 eV) were
consistent with some reduction of Mn(IV) by reaction with metallic
lead (t = 16 h).
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MnOOH)21 or adsorption of Mn2+ within the system74 or
both.
Additional galvanic current in the aerated system (Figure

3c) may have been due to reduction of dissolved oxygen at the
MnO2−water interface. Total charge transfer was greater by
2.17 C, on average, in the aerated compared with the deareated
system, and higher currents were attributed to this half-
reaction. Furthermore, efficient oxygen reduction at MnO2
surfaces has been reported elsewhere.19,20 Still, a shift in the
position of the 2p3/2 XPS peak to slightly lower binding energy
(642.4 eV) and an increase in the magnitude of 3s multiplet
splitting to 5.0 eV were consistent with some reduction of
Mn(IV) at the surface even in the aerated system (Figure
4a,b). The experimental XRD trace at t = 16 h also exhibited
decreased crystallinity, consistent with phase changes at the
MnO2 surface over the reaction period (Figure 3a).
Manganese release under aerated conditions was also highly

variable (median: 836 μg L−1, range: 37−14110 μg L−1).
Again, this variability may have been amplified due to release
of particulate manganese from the MnO2 film. Over both
conditions (aerated and deaerated), observed manganese was
uncorrelated with the time-integrated current signal (Pearson
correlation: −0.06, p = 0.90). Conversely, charge transfer as a
linear predictor explained R2 = 67% of the variation in lead
release (Figure S6).
Corrosion of lead also occurred when particulate MnO2

contacted lead in suspension, as determined in a separate
lead−lead galvanic corrosion experiment. Figure 5 shows

equilibrium current (t = 0 to 1 h) resulting from coupling two
pure lead electrodes in separate chambers divided by an anion-
exchange membrane. Addition of MnO2 to one of the two
chambers caused oxidation of lead in the other chamber, as
indicated by the increase in galvanic current at t = 1 h (i.e.,
flow of electrons to the MnO2-exposed electrode). Here, the
function of the membrane was to allow current flow through
the electrolyte while ensuring that MnO2 contacted just one
electrode.
Given the anaerobic condition, measured current was

attributed to reductive dissolution of Mn(IV) at the lead−
water interface. At t = 2 h, manganese in 0.22 μm filtrate was
990 μg L−1 on average, but charge transfer predicted release of

just 1.5 μg Mn2+ L−1, corresponding to 5.5 μg Pb2+ L−1 per
hour. Excess soluble manganese was due to (1) dissolution or
colloidal dispersion of β-MnO2 independent of lead oxidation
in the other chamber and (2) localized oxidation of lead by
MnO2. The latter is consistent with the presence of pits in
MnO2-exposed lead surface. This reaction would not have
been reflected in measured current, but it may have
contributed significantly to reductive dissolution of MnO2.

Presence of Manganese Oxidizing Bacteria. Given our
hypothesis that biological manganese oxidation accelerated
lead corrosion, we analyzed microbial communities within
annular reactors and lead pipes (1) to identify known MOB
that may have contributed to manganese deposition and (2) to
determine how manganese and nutrient (C and P) availability
influenced community structure.
Differences in manganese and nutrients were indeed

associated with shifts in the microbial community structure
within pipes and their corresponding annular reactors
upstream. These changesquantified by weighted and
unweighted UniFrac dissimilaritiesare represented in the
space spanned by the first two principal coordinate axes in
Figure 6a,b. Principal coordinate analysis clearly separated

communities according to manganese and nutrient concen-
tration but not according to reactor type (annular vs pipe).
Microbial communities exposed to the high orthophosphate
doseand the accompanying high TOC concentrationwere
also significantly different from those exposed to the low dose
(analysis of similarities, ANOSIM, on the ranked dissimilarity

Figure 5. (a) Addition of MnO2 to one-half-cell at t = 1 h resulted in
oxidation of lead in the other, as indicated by an increase in the
magnitude of galvanic current between the two lead electrodes. The
black line denotes the mean and the shaded region spans the range of
duplicate tests; the current signal was smoothed with a 200-point
moving average. (Raw data with computed detection limits are
provided in Figure S7.) (b) MnO2 was identified as pyrolusite (β-
MnO2) by XRD.

Figure 6. Represented in the space spanned by the first two principal
coordinates, the unweighted (a) and weighted (b) UniFrac
dissimilarities exhibited clear separation of microbial communities
according to manganese and orthophosphate concentration. The
variation accounted for by each principal coordinate axis is given in
the axis title; plotting characters represent differences in P (and C)
concentrations, and colors represent differences in Mn concen-
trations. Sequences matching known manganese oxidizers at the
family level (unknown or matching genus) were observed in all
annular reactor (c) and pipe (d) samples.
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matrix, weighted, p = 0.025 and unweighted, p = 0.04, n = 7
experimental units). Richness (observed and estimated),
Shannon diversity, and Simpson evenness indices all decreased
with increasing orthophosphate dose (Table S4), consistent
with previous work showing a negative correlation between
species diversity and nutrient availability.75−77 Simpson
evenness was also notably low, indicating dominance by a
small fraction of the total species count. Despite separation on
the second principal coordinate axis, microbial communities
exposed to the high manganese dose did not exhibit a
statistically significant difference from those exposed to the low
dose based on ANOSIM.
Sequences matching known MOB at the family level

(unknown or matching genus) were observed in samples
from both annual reactors and lead pipes: Comamonadaceae,78

Cytophagaceae,79 Hyphomicrobiaceae,78 Oxalobacteraceae,80

and Rhodobacteraceae (Figure 6c).81 These data accord with
the strong correlation between manganese and MOB in
annular reactor biofilm. Given the similarities in community
structure between pipes and annular reactors, a biofilm
similarly rich in manganese and MOB may have established
itself on pipe surfaces. More generally, relative abundance was
dominated by the phyla Proteobacteria (35−47%), Bacter-
iodetes (15−36%), and Acidobacteria (8−14%). The Actino-
bacteria (2−11%), Nitrospirae (<1−3%), Planctomycetes
(<1−14%), and Verrucomicrobia (<1−7%) were less abun-
dant.
Families identified here that include MOB have also

exhibited lead tolerance or have been found at or near
corroding lead surfaces. Notably, the manganese-oxidizing
Oxalobacteraceae were present in lead pipe samples at the high
manganese dose and effectively absent everywhere else;
members of this family have been detected previously in lead
pipe corrosion scale.82 Cupriavidus gilardiiof the family
Oxalobacteraceaewas identified almost exclusively on lead
corrosion scale at the high manganese/low orthophosphate
condition (i.e., at the highest lead levels). The genome of a
related speciesC. metalliduranscontains an operon confer-
ring lead resistance.83 While C. gilardii lacks one of the genes in
this operon (pbrD,84 involved in binding Pb2+) the species has
a higher minimum inhibitory concentration for lead (4 mM)84

than C. metallidurans (1 mM).85 The C. gilardii genome does
not contain homologues for MnxG, MofA, MoxA, CotA,
CueOproteins that oxidize manganesebut it does encode
MntH, a protein that transports manganese into the cell.86

High lead tolerance and manganese-transporting ability may
explain the abundance of C. gilardii under conditions of high
lead and manganese.
The families Cytophagaceae and Hyphomicrobiaceae also

include species linked with lead corrosion,87 and Cytophaga-
ceae have been found in lead-contaminated soil88 and mine
water environments.89 Like the Oxalobacteraceae, Cytophaga-
ceae were detected at greatest abundance (8.6%) under
conditions generating the highest lead and manganese levels in
our study (i.e., at low C and P). While Comamonadaceae and
Rhodobacteraceae have not been identified in lead corrosion
studies to our knowledge, Comamonadaceae do exhibit lead
tolerance90 and Rhodobacteraceae have been identified in
microbial mats that sequester high levels of manganese and
lead.89 The families Chitinophagaceae, Methylobacteriaceae,
Sphingomonadaceae, Bradyrhizobiaceae, Enterobacteriaceae,
Rhodospirillaceae were also identified within lead pipes (this
study) and have been identified previously in lead corrosion

studies82,87 or have been shown to exhibit lead tolerance.90,91

Although these families do not include known MOB,
Rhodospirillaceae have been found in high manganese
environments and may be involved in geochemical cycling of
iron, manganese, and sulfur.92 Like the Cytophagaceae,
Rhodospirillaceae were most abundant in annular reactors
(32.2%) and lead pipes (13.6%) under conditions of high
manganese and low nutrients (C and P). A full list of taxa is
provided as Table S5.

Environmental Implications. The primary implication of
this study stems from the observation that manganese
increased lead release in the model system. This was attributed
mainly to oxidation of lead by oxygen on MnO2 deposits or by
Mn(IV) itself; transport of lead by manganese-rich colloidal
particles played at most a minor role but may be important in
other systems. To the extent that these mechanisms operate in
a full-scale system, removing manganese during treatment
could offer indirect benefits in terms of diminished lead release.
Indeed, recent practical experience suggests that manganese
removal represents a viable lead-reduction strategy.15 This is in
addition to the direct benefits associated with minimizing
health effects due to manganese exposure.
Full-scale system data highlight the possibility that both

manganese and NOM influence lead speciation at and
transport to the tap. These data corroborate a previously
reported correlation between lead and manganese,15 and they
support theoretical and experimental work18,93 highlighting the
probable complexation of lead by NOM in systems distributing
unfiltered or otherwise NOM-rich water. That is, NOM may
increase lead solubility under some circumstances. The
complex speciation of lead in 0.45 μm filtrate highlights the
need for methods to quantify the organically complexed and
primarily inorganic colloidal fractions of lead and other metals.
Biofilm may also be an important determinant of lead release

in drinking water systems. Preliminary work supports this
notion,94 and the MOB identified on lead in our study may
have played a role in manganese-induced lead release.
Manganese-reducing bacteria have been found alongside
MOB,69 and they may also be relevant to corrosion
processes.21 While our model system mirrored the low chlorine
residual in the full-scale system (<0.2 mg Cl2 L−1)and
chlorine depletion would be expected in lead pipes due to
corrosion reactions95MOB have been identified in pipe
surface biofilm at higher free chlorine concentrations as well.69
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