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ABSTRACT: Upon cast iron corrosion in contact with residual disinfectants, drinking
water distribution systems have become potential geogenic sources for hexavalent
chromium Cr(VI) release. This study investigated mechanisms of Cr(VI) release from
cast iron corrosion scales. The oxidation of the corrosion scales by residual disinfectant
chlorine released Cr(VI) and exhibited a three-phase kinetics behavior: an initial 2 h fast
reaction phase, a subsequent 2-to-12 h transitional phase, and a final 7-day slow reaction
phase approximately 2 orders of magnitude slower than the initial phase. X-ray
absorption spectroscopy analysis discovered that zerovalent Cr(0) coexisted with
trivalent Cr(III) solids in the corrosion scales. Electrochemical corrosion analyses
strongly suggested that Cr(0) in the corrosion scales originated from Cr(0) in the cast
iron alloy. Cr(0) exhibited a much higher reactivity than Cr(III) in the formation of
Cr(VI) by chlorine. The presence of bromide in drinking water significantly accelerated
Cr(VI) release because of its catalytic effect. Meanwhile, chlorine consumption was
mainly attributed to the oxidation of organic matter and ferrous iron. Findings from this
study point to a previously unknown but important pathway of Cr(VI) formation in drinking water, that is, direct oxidation of Cr(0)
by chlorine, and suggest new strategies to control Cr(VI) in drinking water by inhibiting Cr(0) reactivity.

■ INTRODUCTION

Hexavalent chromium Cr(VI), typically existing as anion
CrO4

2− in drinking water, is acutely toxic and carcinogenic and
listed as one high-priority contaminant by the U.S. EPA.1

Exposure to Cr(VI) can cause lung cancer, liver damage,
reproductive problems, and developmental harm.2 U.S. EPA
sets the maximum contaminant level for total Cr at 100 μg/L.3

A health guideline of 0.02 μg/L for Cr(VI) was issued by the
Office of Environmental Health Hazard Assessment in
California.4 A Cr(VI) drinking water standard at 10 μg/L
was also established in California in 2014 that was later
withdrawn because of the lack of economically feasible
treatment.5,6 As new cost-effective treatment technologies
emerge, a new Cr(VI) regulation will be reconsidered in the
future.7,8

In order to control Cr(VI) occurrence in tap water, it is
critical to identify the main sources of Cr(VI). Even with
adequate drinking water treatment prior to the entry point of
the distribution systems, the Cr(VI) level at the consumers’ tap
water may increase resulting from reactions taking place in the
distribution systems.9,10 Analysis of the U.S. EPA nationwide
Cr(VI) monitoring database shows that there was a 41%
chance for an increase in the Cr(VI) concentration in
distribution systems, and the increase was strongly correlated
with the presence of free chlorine as the residual disinfectant.11

Cr(III) solids predicted to exist in corrosion scales, including

Cr(OH)3(s), Cr2O3(s), Cu2Cr2O5(s), and FexCr1−x(OH)3(s), can
be oxidized by chlorine and release Cr(VI).12,13 Despite the
importance of corrosion scales to Cr(VI) release control, no
study has directly investigated the fate of Cr in naturally
formed corrosion scales from drinking water distribution
systems (DWDSs). As a result, there lacks a clear under-
standing on the oxidation states of Cr in corrosion scales and
the mechanisms of Cr(VI) release during drinking water
distribution.
The formation of Cr(III) solids in corrosion scales is

traditionally believed to result from reductive sequestering of
Cr(VI) from source water.11−13 Meanwhile, a zerovalent
chromium material is intrinsically present in DWDSs; it is an
additive in cast iron and ductile iron pipe alloys to resist
corrosion. For example, corrosion−resistant cast iron consists
12−18% of mass as zerovalent chromium.14 However, little is
known about the fate of zerovalent Cr and its reactivity as cast
iron pipes corrode.
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Furthermore, the iron corrosion scales are rich in reductants
including organic matter and ferrous iron Fe(II).15,16 Organic
carbon was among the most abundant components of the
corrosion scales with a median concentration of 9.8 mg/g.15 Its
sources are from the biofilm grown on the surface of corrosion
scales and sorption of natural organic matter (NOM) present
in source waters. Ferrous solids including ferrous hydroxide
Fe(OH)2(s), wustite FeO(s), siderite FeCO3(s), and magnetite
Fe3O4(s) were found in the iron corrosion scales.16 Organic
matter and Fe(II) solids can compete with Cr components for
chlorine.17−19 However, little is known about the contributions
of Fe(II) and organic matter on the consumption of chlorine
and associated effects on the release of Cr(VI) from iron
corrosion scales.
Previous water crises in Flint, Michigan, and Washington,

DC highlight the urgency to better understand the potential
risks of metal release due to changes of water chemistry.20,21 In
the future, efforts to fight water scarcity will incorporate more
reclaimed and desalinated water as new drinking water sources
into existing distribution systems.22 Higher bromide levels in
these alternative water resources can catalyze the oxidation of
Cr(III) solids by chlorine.12,13 To what extent bromide will
increase the release of Cr(VI) from naturally formed iron
corrosion scales needs better understanding. Overall, a
thorough understanding of the mechanisms of Cr(VI) release
from iron corrosion scales is needed to develop control
strategies regarding the drinking water distribution infra-
structure.
Accordingly, the objectives of this study were to understand

the speciation of chromium in the cast iron corrosion scales,
investigate the kinetics of Cr(VI) release by chlorine via the
oxidation of iron corrosion scales, examine the catalytic effect
of bromide, and quantify the potential contribution of Cr(0) in
cast iron pipes to the formation of Cr(VI) in drinking water.

■ MATERIALS AND METHODS

Preparation of Iron Corrosion Scales and Cr
Reference Solids. Two cast iron pipe sections (labeled as
pipe #1 and pipe #2) with contrasting Cr(VI) levels in their
drinking water sources were collected from DWDSs at two
U.S. West Coast states (Figure S1 in the Supporting
Information section). Pipe #1 was in service for 5 years and
collected from a distribution system using groundwater as the
source water. Historical Cr(VI) concentrations in the ground-
water water were very high, ranging between 11 and 24 μg/L
(Table 1). In contrast, pipe #2 was in service for approximately
70 years and collected from a distribution system using surface
water as the source water, in which Cr(VI) was nondetectable
(Table 1). To obtain pipe corrosion scale solids, corrosion
scales with approximately 1 cm in depth from the surface were
first scratched off from eight different locations on the inner
surface of one pipe section, and then, they were mixed together
in equal weights as one composite corrosion solid sample.
After grinding and sieving, homogenized corrosion products
with particle sizes between 45 and 90 μm were used in this
study (labeled as pipe solid #1 and pipe solid #2, respectively).
Corrosion scales were only collected within 1 cm depth from
the surface in order to represent the corrosion scales directly in
contact with drinking water in the distribution systems as
much as possible. Furthermore, a previous study showed that
electrons from the inside pipe material can be conducted
through the scale to a site on the surface of iron corrosion
scales, which means that direct contact between free chlorine T
ab
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and Cr(0) on the surface of the corrosion scales is not
necessary for the oxidation of Cr(0) with free chlorine as long
as a path exists for electron movement.23 Therefore, it is
possible that some Cr solids close to the surface layer of iron
corrosion scales could be oxidized with chlorine even without
direct contact. Although homogenization could alter the
structure of the iron corrosion scales, the use of homogenized
iron corrosion solids provides a standardized solid material to
understand the fundamental mechanisms of Cr(VI) formation
during the oxidation of the corrosion scales. Surface and
bottom layers of corrosion scales were also collected from the
1 cm depth by carefully cutting them off from the corroded
pipe inner surfaces. Three Cr(III)−Fe(III) hydroxide solids
with varying Cr molar ratios, that is, Fe0.25Cr0.75(OH)3(s),
Fe0.5Cr0.5(OH)3(s), and Fe0.75Cr0.25(OH)3(s), were synthesized
using a standard protocol and used as the trivalent Cr(III)
reference solids.24 After grinding and sieving, the Cr(III)−
Fe(III) hydroxide solids with particle sizes between 45 and 90
μm were used. Cr(0) powder of 45 μm purchased from Sigma-
Aldrich was used as the zerovalent Cr(0) reference solid.
Chlorine stock solution (HOCl) was prepared freshly using a
NaOCl solution, and the bromine stock solution (HOBr) was
prepared by adding NaBr into NaOCl stock solution with 10%
access of Br−.13

Oxidation Experiments with Iron Corrosion Scales
and Reference Solids. To start a 7-day oxidation experiment
between a solid and oxidant, 20 g/L suspension of a pipe
corrosion scale solid or 10 mg/L suspension of a reference
solid was mixed with 200 mg Cl2/L (equivalent of 2.8 mM) of
HOCl or HOBr in a 250 mL glass vessel in darkness. The
choice of an oxidant concentration higher than 2 mg Cl2/L in
these experiments did not change the redox ladder compared
to that in drinking water conditions and provides valuable
insight into the oxidation kinetics, a technique used in prior
studies.12,13,25,26 Because bromide reacts instantaneously with
HOCl to form HOBr,27 HOBr was directly used to understand
the bromide effect on the oxidation of iron corrosion scales by
chlorine, a technique also used in prior studies.26 The pH of
the suspension was maintained at 7 ± 0.1 throughout the
reaction with a Eutech Instrument Alpha pH200 controller. At
each time point, 0.2 mL of suspension was collected, filtered
through 0.22 μm filters, and diluted by 100 times to measure
the HOCl or HOBr concentration, and additional HOCl or
HOBr was added into the reactor to adjust its concentration
back to 200 mg Cl2/L. In addition, 5 mL of suspension was
collected, quenched by adding excess (NH4)2SO4, adjusted pH
to 8.5, and filtrated by 0.22 μm filters. The concentrations of
total Cr, Cr(VI), and dissolved organic carbon (DOC) in the
filtrates were measured. Fe(II) concentrations in the iron
corrosion solids were quantified.
To understand the accumulation of chromium in the

corrosion scales due to iron corrosion, fresh iron corrosion
scales were produced by electrochemically corroding a fresh
surface of each cast iron pipe using an electrochemical station
(Pine Instrument Inc., Durham, NC). One piece of 7.6 cm ×

7.6 cm plates from each cast iron pipe was cut and sanded until
the fresh metal surface was exposed on all sides. Following that,
this plate was used as the anode, submerged in deionized (DI)
water at pH 7, and applied with a constant voltage of 2 V for 7
days with a platinum electrode as the cathode. After that,
corrosion scale samples collected from the corroded fresh
metal plate were freeze-dried, ground into powder, and sieved

to obtain the homogenized corrosion solids with particle sizes
between 45 and 90 μm.

Analytical Methods. The concentration and redox
speciation of Cr and Fe in pipe corrosion solids were
characterized by X-ray absorption spectroscopy (XAS) at the
Stanford Synchrotron Radiation Laboratory. Powder samples
of mixed corrosion solids and sheet samples of surface and
bottom corrosion layers were analyzed at beamlines 4−3 and
10−2, respectively. The radiation was monochromatized using
a Si(220) double-crystal monochromator. Samples were
measured in the transition mode with a N2-filled ionization
chamber. Two to three scans were recorded for each sample to
ensure reproducibility. All measurements were carried in the
transmission mode. The X-ray energy was varied from 50 eV
below to 150 eV above the absorption K-edge of Fe (7112 eV)
and Cr (5989 eV). The oxidation states of Cr in the iron
corrosion scales were obtained by linear combination fitting
(LCF) of the Cr X-ray absorption near edge structure
(XANES) spectra using reference spectra of Cr(0), Cr(III),
and Cr(VI) standard solids.
The Brunauer−Emmett−Teller (BET) surface area of iron

corrosion scale solids was measured using a Micromeritics
ASAP 2020 surface area analyzer. The concentration of Cr(III)
in the pipe corrosion solids was quantified using the EPA acid
digestion method 3050B.28 This standard method can reliably
quantify Cr(III) without inference from Cr(0), with a recovery
of 106 ± 6.5% using the Cr(III) reference solid
Fe0.75Cr0.25(OH)3(s) and a negligible recovery using the
Cr(0) reference solid (Figure S2). Because the EPA acid
digestion can dissolve all the Cr(III) reference solids and
Cr(0) had a very low surface area of 0.055 m2/g, the
quantification of Cr(VI) should not be affected by the
adsorption of Cr(VI) on Cr solids. The concentration of
total Cr in the pipe corrosion solids was measured using a
bromine digestion subsequent to EPA acid digestion. Briefly,
the EPA method digested solution was mixed with 620 mM of
bromine solution and further digested at 95 °C for 6 h. The
bromine concentration was maintained during the digestion by
manually adding extra bromine if necessary. After the bromine
digestion, the total dissolved Cr was measured, and Cr(0) in
the iron corrosion scales was calculated based on mass balance
between total Cr and Cr(III). The bromine digestion method
achieved a Cr(0) recovery of 94 ± 3.3% using the reference
Cr(0) solid (Figure S2). The speciation of Fe(II) and Fe(III)
in the pipe corrosion solids was calculated based on the mass
concentration of total Fe and the fractions of Fe(II) and
Fe(III) obtained from the XANES analysis. The concen-
trations of total dissolved Cr and total dissolved Fe in the
digested samples and in the filtered samples from oxidation
experiments were analyzed using Agilent 7700 inductively
coupled plasma mass spectrometry. The Cr(VI) concentration
in the samples was measured using the standard diphenylcar-
bazide method.29 The values of the reaction rate constant of
Cr(VI) formation (kCr(VI)) were obtained by fitting exper-
imental data with the kinetics model using software Open-
Model. HOCl or HOBr concentrations were measured by
using the standard DPD method.29 The DOC was analyzed by
a total organic carbon analyzer (Aurora 1030C). Fe(II)
fractions in the iron corrosion scales during oxidation
experiments were extracted using 9 M HCl for 2 h30 The
Fe(II) level was analyzed by using the standard phenanthroline
method.29
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■ RESULTS AND DISCUSSION

Solid Phase Characterization of Iron Corrosion
Scales. The two iron corrosion scales from geographically
different locations have very similar physical-chemical charac-
teristics except for different Cr cumulation levels. They had
identical surface areas of 96 m2/g and a point of zero charge
(pHpzc) of 7.9 (Table 1 and Figure S3). The pHpzc was very
similar to that of ferrihydrite (7.6−8.5),31,32 indicating that
ferrihydrite was likely the dominant Fe species in the corrosion
scales. The reference Cr(III)−Fe(III) hydroxide solids had
comparable surface areas of 198−355 m2/g to the iron
corrosion scales. In contrast, the reference Cr(0) solid had a
much lower surface area of 0.055 m2/g because of the smooth
surface of metallic Cr. The Cr concentration in pipe solid #1
was 1333 ± 82 μg/g, approximately 18 times higher than that
in pipe solid #2 (74 ± 5.8 μg/g). These Cr concentrations are
consistent with the Cr concentrations in deposit samples in
DWDSs reported in a prior study.33 The dominant element in
these two corrosion scales was iron, which accounted for
approximately 50% mass of the corrosion scales (Table 1).
Because the Cr concentration in pipe solid #1 was significant,
additional XAS mapping on the surface layer (exposed to
drinking water) and bottom layer (attached to pipe inner
surface) of the intact corrosion scales from pipe #1 was
conducted. The mapping showed that Cr existed both in the
surface layer and the bottom layer of iron corrosion scales
(Figures 1A and S4). The image mapping analysis also showed
Cr correlated with Fe in both layers (Figure S5), indicating
that Fe and Cr mixed phase solids such as FexCr(1−x) (OH)3(s)
likely existed in the iron corrosion scales.34,35

XANES spectra of corrosion solids showed that chromium
existed in two oxidation states of Cr(0) and Cr(III) in pipe
corrosion solids (Figure 1B). LCF analysis of the spectra
showed that a substantial amount of Cr(0) existed in both
corrosion scales, accounting for 49 ± 4.7 and 32 ± 4.2% of
total Cr for solid #1 and solid #2, respectively. In addition,
based on LCF analysis of the Fe XANES spectra (Figure S6), a
majority of iron existed as Fe(III) in the corrosion solids
(Table 1).
Kinetics of Oxidative Cr(VI) Release by Chlorine and

Bromine. Oxidation experiments show that the Cr(VI) release
kinetics followed a nonlinear pattern with three distinct phases:
an initial fast phase of Cr(VI) release within the first 2 h, a
second transitional phase of Cr(VI) release from 2 to 12 h, and
a final slow phase of Cr(VI) release lasting for 7 days (Figure
2). In contrast, in the controls without any oxidant, no Cr(VI)
leached out from the corrosion scales. This trend supports that
Cr(VI) release from iron corrosion scales was driven by the
oxidative conversion of Cr sources via HOCl and HOBr. For
example, after 2 h of reaction, the Cr(VI) release from pipe
solid #1 increased dramatically from nondetectable to 1.1 and
1.9 mg/L in the presence of HOCl and HOBr, respectively
(insets of Figure 2A,B), and further slowly increased to 2.7 and
2.8 mg/L after 7 days of reaction, respectively (Figure 2A,B).
Pipe solid #1 exhibited a cumulative Cr(VI) release
approximately 12−13 times higher than solid #2 (Figure 2A
vs 2B) mainly because of a significant difference in total Cr
accumulation in these solids. In addition, chromium released
from the corrosion scales only existed as Cr(VI), as shown by
the same Cr(VI) and total Cr levels in the solution (Figure
S7).

A second-order reaction kinetics model was introduced to
quantify the reaction rate constant of Cr(VI) formation
(kCr(VI)) based on eq 1

t
k S

d Cr(VI)

d
Cr oxidant ( )(AW )Cr(VI) (s) Cr Cr(s)

[ ]
= [ ][ ]

(1)

where kCr(VI) is the surface-area normalized second-order rate
constant for Cr(VI) formation from corrosion scales or the
reference Cr solid (L·m−2

·min−1), either driven by HOCl or
HOBr. [Oxidant] is the HOCl or HOBr concentration (mol/
L), [Cr(s)] is the reactive Cr concentration (mol/L). SCr(s) is the

Cr-containing solid BET surface area (m2/g), and AWCr is the
Cr atomic weight of (52 g/mol). [Cr(s)] and [oxidant] are
variables, and kCr(VI), SCr(s), and AWCr are constants. [Cr(s)]

equaled to the initial Cr solid minus formed dissolved Cr(VI)
at time t. All the measured [Cr(VI)] and [oxidant] at different
time points were used in the model to fit kCr(VI). For the iron
corrosion scales, kCr(VI) was fitted in three phases, that is, an
initial fast phase (0−2 h), a transitional phase (2−12 h), and a
slow phase (0.5−7 days). For the Cr reference solids, kCr(VI)
was fitted in one phase. All fitting curves well-matched the
observed Cr(VI) concentrations with R2 ranging between
0.981 and 0.998 (detailed fitting data shown in Figures S8 and
S9).
For both iron corrosion scales, the kCr(VI) values with HOCl

decreased significantly as the reaction time proceeded (Figure
3). In the first phase (0−2 h), the kCr(VI) values of corrosion

Figure 1. XAS characterization of iron corrosion scales. (A) Mapping
of Cr and Fe in the bottom layer of the iron corrosion scales from
pipe #1 (pink color represents the coexistence of Cr (blue) and Fe
(red), and some spots of coexistence of Cr and Fe were indicated in
white rectangles); and (B) Cr K-edge XANES of reference solids and
the pipe solids [the black and red dashed lines represent the post-K
edge features of Cr(0) and Cr(III)].
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scales were 1.9 × 10−3 and 3.9 × 10−3 L·m−2
·min−1 with HOCl

for solid #1 and solid #2, respectively (Figure 3A). These
kCr(VI) values were more than 1 order of magnitude higher than
those of trivalent Cr(III) reference solids (Figure 3A).
Therefore, the fast Cr(VI) formation cannot be explained by
the oxidation of Cr(III) solids in corrosion scales.12,13 In
contrast, the zerovalent Cr(0) reference solid had an extremely
higher kCr(VI) with HOCl compared to Cr(III) reference solids
(6 × 10−3 vs 1.6−3.7 × 10−5 L·m−2

·min−1, Figure 3A). The
kCr(VI) values of pipe corrosion solids during the first 2 h were
very similar to the kCr(VI) value of Cr(0) powder during
oxidation with HOCl. Given that the oxidant decay induced by
Fe(III) surface sites in the pipe corrosion solids may interfere
the reaction between Cr(0) and the oxidant,13 the observed
kCr(VI) values of pipe solids were slightly lower than those of
the pure Cr(0) reference solid. Thermodynamics calculation
showed that the redox potential of Cr(VI)/Cr(0) is lower than
that of HOCl/Cl−, thus the oxidation of Cr(0) by HOCl is
thermodynamically feasible (Text S1 and Table S1), There-
fore, the oxidation of the zerovalent Cr(0) solid in the iron
corrosion scales was the dominant reaction during the first 2 h
of reaction as descripted below, and it resulted in the fast
Cr(VI) release

Cr 3HOCl H O CrO 5H 3Cl0(s) 2 4
2

+ + → + +
− + −

(2)

During the third phase of the reaction (0.5−7 days), the
kCr(VI) values were 4.0 × 10−5 and 1.4 × 10−5 L·m−2

·min−1 with
HOCl for solid #1 and solid #2, respectively. All these kCr(VI)
values in the third phase well-matched with the kCr(VI) of
Cr(III) reference solids FexCr(1−x)(OH)3(s) in this study
(Figure 3A). The kCr(VI) values by HOCl in the third phase
were also very similar to the previously reported kCr(VI) of other
Cr(III) solids (Cr(OH)3(s), Cr2O3(s), and Cu2Cr2O5(s)) by
HOCl.12 Thermodynamics calculation also showed that the
redox potential of Cr(VI)/Cr(III) is lower than the HOCl/Cl−

couple (Text S1 and Table S1). Therefore, the slow Cr(VI)
release process from 0.5 to 7 days was due to the oxidation of
Cr(III) solids in the iron corrosion scales as described below

2Cr 3HOCl 5H O 2CrO 13H 3Cl(III)(s) 2 4
2

+ + → + +
− + −

(3)

The second transition phase (2−12 h) started from the
oxidation of Cr(0) solid as the dominant reaction and ended
with the oxidation of the Cr(III) solid as the dominant
reaction. As the concentration of Cr(0) in the corrosion solid
decreased, the formation of Cr(VI) decreased with time.
Overall, the formation of Cr(VI) depended on both the
oxidation of Cr(0) and Cr(III) solids in this transition phase.
The same trend was also observed during HOBr-driven
oxidation, except that the kCr(VI) values were 1.3−4.3 times

Figure 2. Dissolved Cr(VI) concentrations for 7 days of oxidation of pipe solids from two cast iron pipes in drinking water distribution systems
with oxidants. [Pipe corrosion solid] = 20 g/L; [HOCl] = 200 mg Cl2/L (2.8 mM); [HOBr] = 200 mg Cl2/L (2.8 mM), pH = 7 (A) pipe solid #1;
(B) pipe solid #2.

Figure 3. Surface area normalized second-order Cr(VI) formation rate constants of pipe solids and reference Cr(III) and Cr(0) solids. (A)
Reaction with HOCl and (B) reaction with HOBr.
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higher than those in HOCl-driven oxidation (Figure 3A vs 3B).
For instance, in the initial fast phase (0−2 h), the kCr(VI) was
6.6 × 10−3 L·m−2

·min−1 with HOBr versus 1.9 × 10−3 L·m−2
·

min−1 with HOCl for solid #1 and was 5.6 × 10−3 L·m−2
·min−1

with HOBr versus 3.9 × 10−3 L·m−2
·min−1 with HOCl for

solid #2 (Figure 3A vs 3B). For all reference Cr(0) and Cr(III)
solids, the values of kCr(VI) with HOBr were 3.7−4.5 times
higher than that with HOCl (Figure 3A vs 3B). HOBr is more
electrophilic than HOCl, and HOBr exhibited a faster kinetics
in oxidizing electron-rich transition metals and organic
matter.27 HOBr-driven oxidation takes place when bromide
is present in the HOCl system

HOCl Br HOBr Cl+ → +
− − (4)

Cr 3HOBr H O CrO 5H 3Br0(s) 2 4
2

+ + → + +
− + −

(5)

2Cr 3HOBr 5H O

2CrO 13H 3Br

(III)(s) 2

4
2

+ +

→ + +
− + −

(6)

Essentially bromide acts as an electron shuttle to catalyze the
oxidation of both Cr(0) and Cr(III) by HOCl.
The contributions of Cr(0) and Cr(III) solids on the

formation of Cr(VI) were calculated (Figure 4) (in the first
phase Δ[Cr(VI)] = −Δ[Cr(0)]; in the second phase
Δ[Cr(VI)] = −Δ[Cr(0)] − Δ[Cr(III)] and Δ[Cr(III)] =
−kCr(VI)(3rd phase)[Cr(III)(s)][oxidant](SCr(s))·(AWCr)·(t); and in

the third phase Δ[Cr(VI)] = −Δ[Cr(III)]). Initially, there was
no Cr(VI) in the iron corrosion scales. After 2 h of reaction
with HOCl or HOBr, 4.1−10% of the total Cr was oxidized to
Cr(VI) assuming that only the oxidation of Cr(0) solids
occurred. From 2 to 12 h, the oxidation of Cr(0) and Cr(III)

solids together resulted in oxidation of an additional of 1.5−
3.8% of the total Cr to Cr(VI). From 0.5 to 7 days, Cr(III)
solids accounting for 2.1−4% of the total Cr were oxidized to
Cr(VI). However, after 7 days of reaction, only 10−15% of the
total Cr in solids was oxidized to Cr(VI) and released in water,
and significant amounts of Cr(0) solids were still in both iron
corrosion scales (Figure 4). The inactivation of Cr(0) after 2 h
of reaction may result from the formation of a thin passivation
Cr(III) layer that insulates Cr(0) from further interacting with
the oxidant. It was reported previously that a Cr(III) Cr2O3(s)

layer formed on the Fe−Cr alloys inhibiting its further
oxidation because the Cr(III) Cr2O3(s) layer is much more
dense and less porous than iron oxide, and it is efficient to
inhibit the diffusion of oxygen and further corrosion.36 In
addition, the inactivation of Cr(0) may also be due to the fact
that the oxidant cannot physically contact with Cr(0) inside
pipe solids.

Sources of Cr in the Iron Corrosion Scales. Because
Cr(0) in the iron corrosion scales was discovered as the main
reservoir for oxidative Cr(VI) release in DWDSs, it is
important to understand its source in the iron corrosion
scales. New corrosion scales were freshly produced ex situ by
the electrochemical corrosion using two fresh plates cut from
pipe #1 and pipe #2 submerged in an electrolyte made of DI
water at pH 7. Because there was no Cr(VI) in the electrolyte,
the accumulation of Cr in the freshly produced corrosion scales
exclusively came from the pipe material itself. Analysis showed
that the freshly produced corrosion scales had very comparable
zerovalent Cr(0) concentration to the naturally formed
corrosion scales for pipe #1 (609 ± 18 vs 653 ± 40 μg/g)
and pipe #2 (27 ± 1.1 vs 24 ± 1.9 μg/g) (Table 1). A prior
study on electrochemical corrosion also showed that zerovalent

Figure 4. Contributions of Cr(0) and Cr(III) solids on Cr(VI) formation calculated based on the 7 days of oxidation reaction. (A) Pipe solid #1
with HOCl; (B) pipe solid #1 with HOBr; (C) pipe solid #2 with HOCl; and (D) pipe solid #2 with HOBr.
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Cr(0) was observed in the surface passivation layer of iron
alloys.37 For the naturally formed iron corrosion scales, solid
#1 had a Cr(0) concentration approximately 28 times higher
than solid #2, and such a difference can be explained by that
pipe #1 had a much higher Cr(0) concentration in its cast iron
alloy composition than pipe #2 (609 ± 18 vs 27 ± 1.1 μg/g).
In addition, reductants in the iron corrosion scales such as
Fe(II) and organic matter and microbiological process can
only thermodynamically reduce Cr(VI) to Cr(III).38−41

Therefore, it is unlikely that the Cr(0) fraction in the iron
corrosion scales was from the direct reduction of Cr(VI) in
water. Overall, the experimental data confirmed that zerovalent
Cr(0) observed in the corrosion scales originated from the
zerovalent Cr fraction as a part of the cast iron alloy. Cr(III)
was also found in the freshly produced corrosion scales, which
was largely due to the slow oxidation of zerovalent Cr in the
cast iron alloy during the electrochemical corrosion.
Furthermore, for pipe #1, total Cr accumulation was much

higher in the naturally formed corrosion scales than the freshly
produced corrosion scales (1333 ± 82 vs 652 ± 23 μg/g, Table
1). This was mainly due to the difference in Cr(III)
accumulation (680 ± 42 vs 43 ± 5 μg/g) (Table 1) and
indicated that Cr(III) cumulation in the iron corrosion scales
was mainly from the source water which had very high Cr(VI)
concentrations (11−24 μg/L) lasting for 5 years, that is, the
age of the pipe section. The accumulation of Cr(III) solids in
the iron scales from source water was also consistent with the
result that the total Cr concentration in the top surface was
higher than that in the bottom surface based on the detected
average counts of Cr (240 vs 69 counts) (Figure S5).
Therefore, the formation of Cr(III) in the corrosion scales
was mainly due to the reduction of Cr(VI) in drinking water
by chemical reductants including Fe(II) and organic
matter.15,16 In contrast, for pipe #2, because of a negligible
Cr(VI) in the source water and much lower Cr concentration
in the corrosion scales, the main source of Cr in the corrosion
scales is the zerovalent Cr from the cast iron alloy.
Mechanisms of Chlorine Consumption by Iron

Corrosion Scales. During the 7-day oxidation experiments,
only a small fraction of the total oxidant consumption (<2.6 ±
0.06%) was attributed to the oxidation of Cr(0) and Cr(III) in
the corrosion scales to form Cr(VI) (Figure S10). The total

oxidant consumption of Cr solids was calculated based on the
concentration changes of Cr(0) and Cr(III) in the suspension
after 7 days of reaction and the stoichiometric molar ratio of
Cr(0) and Cr(III) to the oxidation (1:3 and 2:3, respectively).
The dominant reductants to react with HOCl or HOBr in the
iron corrosion scales were Fe(II) and DOC in the corrosion
scales. During the 7 days of oxidation reaction, the
continuously decreased Fe(II) concentration in solid #1
(Figure S11) and significantly increased DOC concentrations
(Figure S12) indicated that Fe(II) and organic matter could be
two dominant reductions for total HOCl consumption. In
order to quantify the HOCl consumption by DOC, two
filtrates from suspensions of 2 g/L solid #1 and solid #2 were
used to react with 200 mg/L HOCl at pH 7 for 2 h. Only at
the first time point (10 min), the HOCl concentrations in the
two filtrates were significantly lower than the those in the
control group without DOC, indicating that the reaction
between DOC and HOCl was fast and completed within 10
min. Chlorine reactions with NOM were on a timescale of
minutes with very high kHOCl (1.7−4.9 L·mol−1·s−1).42 For
solid #1, Fe(II) and DOC consumed 57 ± 4.3−64 ± 6.7 and
18 ± 1.4−38 ± 1.9% of the total HOCl, respectively, and
together explained the majority of the HOCl consumption
(82−95%) (Figure S13A). For solid #2, no Fe(II) was found
in the initial solid, and DOC consumed 67 ± 3.9−85 ± 6.3%
of the total HOCl (Figure S13B). Therefore, Fe(II) and DOC
were two dominant reductants for the HOCl consumption,
and higher Fe(II) and organic matter concentrations in iron
corrosion scales can facilitate the HOCl consumption kinetics
and diminish the Cr(VI) release.

Prediction on Cr(VI) Occurrence in DWDSs. To predict
Cr(VI) release in iron-pipe dominated DWDSs, a distribution
system kinetics model was established using the reaction rate
constants (kCr(VI)) obtained from this study (details on the
model in Text S2). One limitation of the prediction was that
kCr(VI) obtained from a high chlorine concentration (200 mg/
L) was used to predict Cr(VI) formation at a low chlorine level
of drinking water; thus, the prediction was largely affected by
to what extend the kinetic would change under different
concentrations of chlorine. However, the prediction from real
iron corrosion scales can provide more accurate information
for the formation of Cr(VI) in drinking water compared to that

Figure 5. Predictions of percentile distributions of Cr(VI) formation rate constants and the Cr(VI) formation in drinking-water distribution
systems based on statistical distributions of bromide concentration in U.S. source waters. The solid line in each box is the median value; the lower
and upper box edges are the 25th and 75th percentiles. Whisker bars represent the 5th and 95th percentiles. Solid dots are the minimum and
maximum values. The kinetics model simulation on Cr(VI) formation is based on the assumption that a water distribution system has the constant
0.3 mg/L chlorine residual and 100 μg/L residual Cr solids [low-risk scenario including both Cr(0) and Cr(III) solids and high-risk scenario
including only Cr(0) solids] with a residence time of 2 days.
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from pure Cr solids, given that the real corrosion scales had
complex composition. Because of the existence of organic
matter and ferrous iron as two dominant reductants and the
essential low reaction activity between Cr solids and chlorine,
high concentration of chlorine (200 mg/L) was used to obtain
these kCr(VI) in different phases in drinking water in this study.
Cr(VI) formation was predicted based on statistical distribu-
tions of bromide concentration in U.S. source waters.43 Two
scenarios were considered, a low-risk scenario where the Cr
solids included both Cr(0) and Cr(III) solids, and a high-risk
scenario where the Cr solids were all Cr(0) solids. The
formation of Cr(VI) was predicted based on a distribution
system residence time of two days (Figure 5) and five days
(Figure S14). Because it is impossible to accurately quantify
chlorine consumption in the DWDSs because of the
complexity of iron corrosion scales, a constant free chlorine
residual of 0.3 mg/L relevant to drinking water was used in the
model. Many states in the United States required a minimum
free chlorine residual of 0.3 mg/L during water distribution.44

The disinfection utility survey from American Water Works
Association reported that systems with free chlorine residuals
maintained median levels of 0.5−1.0 mg/L from entry points
to maximum retention sites.45 The free chlorine residue as a
disinfectant in the drinking water can maintain an oxidizing
condition and continuously form Cr(VI) through the oxidation
of Cr solids in the corrosion scales. With a residence time of
two days, the median Cr(VI) concentration in tap water can
range between 1.2 and 1.9 μg/L under the low-risk scenario,
and in contrast, the median Cr(VI) concentration in tap water
can range between 2.3 and 5.6 μg/L under the high-risk
scenario (Figure 5). Approximately, 85−93% of these Cr(VI)
were from the oxidation of Cr(0) solids (Figure S15). When
the residence time increased to 5 days, the median Cr(VI)
concentration in tap water can increase to 14 μg/L at the worst
scenario (Figure S14), which was higher than the previous
California issued Cr(VI) drinking standard, 10 μg/L. Cr(VI) in
U.S. drinking water was between 0.057 and 7.51 μg/L in
2013−2015 based on the EPA Round 4 Unregulated
Contaminant Monitoring Rule Program.46 The average Cr(VI)
concentrations in Canadian and US DWDSs in 2008 to 2017
were reported to range from 0.2 to 2 μg/L.47 Therefore, the
predicted median Cr(VI) concentrations in this study were
comparable to the actual Cr(VI) concentrations in drinking
water. Given that the chlorine residual level (0.3 mg/L) in the
modeling was approximately 3 orders of magnitude lower than
that used for obtaining the kCr(VI) (200 mg/L), a sensitivity
analysis of the Cr(VI) concentrations at the medium bromide
concentration was conducted with subjectively changing kCr(VI)
from 20 to 200% of the observed kCr(VI) in this study. As
changing kCr(VI), the median Cr(VI) concentration in tap water
can range between 0.25 and 3.9 μg/L under the low-risk
scenario, and in contrast, the median Cr(VI) concentration in
tap water can range between 0.46 and 11 μg/L under the high-
risk scenario with a residence time of two days (Table S2). In
the future, as more desalinated water is expected to become
new water sources for drinking water sources because of water
scarcity, desalinated water can introduce a bromide concen-
tration in drinking water as high as 0.8 mg/L.48 This level of
bromide in water will lead the worst scenario to happen which
is that Cr(VI) concentrations can increase to 11 μg/L with a
residence time of two days and to 27 μg/L with a residence
time of five days because of the catalytic effect of bromide
(maximum values in Figures 5 and S14). Therefore, changing

the water source from surface water to desalinated water will
likely increase the risk of exposure to higher Cr(VI) in drinking
water if no mitigation strategy is implemented.

Environmental Implications. This study discovered that
zerovalent Cr(0) existed in cast iron corrosion scales and can
oxidatively release Cr(VI) into drinking water via the oxidation
of chlorine residual disinfectants. More importantly, Cr(0) had
1 to 2 orders of magnitudes higher reactivity with HOCl than
other Cr(III) solids. Therefore, the Cr(VI) formation was
mainly due to oxidation of the Cr(0) solid in the iron
corrosion scales by HOCl in DWDSs. Furthermore, the source
of Cr(0) in the iron corrosion scales was Cr(0) in the pipe
material, which indicated that the Cr(0) concentration in the
pipe material was the dominant factor determining the level of
Cr(VI) formation in drinking water with HOCl, and the
previous accumulated Cr(III) in the corrosion scales from the
water source was unlikely to cause a significant level of Cr(VI)
formation in drinking water. Because HOCl was very reactive
with Cr(0), the mitigation of Cr(VI) occurrence in drinking
water could be achieved by the use of a residual disinfectant
less reactive with Cr(0). Cast iron pipe materials with high
levels of alloy chromium should be used with caution in future
pipe replacement for DWDSs.
The kinetics model predicts that the median Cr(VI)

concentrations were 1.2−1.9 μg/L under the low-risk scenario
and 2.3−5.6 μg/L under the high-risk scenario with a
distribution system residence time of 2 days. Based on these
predictions, an effective strategy to prevent hexavalent
chromium release from iron pipe-dominant DWDSs needs to
inhibit the redox reactivity of zerovalent Cr(0) in iron
corrosion scales. Furthermore, more attention should be paid
on bromide concentration in alternative water sources as it is a
very important factor affecting the Cr(VI) levels in drinking
water.
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