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Abstract

Trace heavy metals accumulating in iron corrosicales within a drinking water
distribution system (DWDS) could potentially be eated to bulk water and
consequently deteriorate the tap water quality. ®bgective of this study was to
identify and evaluate the release of trace heavialsien DWDS under changing
source water conditions. Experimental pipe loopth wifferent iron corrosion scales
were set up to simulate the actual DWDS. The effetsulfate levels on heavy metal
release were systemically investigated. Heavy nretabhses of Mn, Ni, Cu, Pb, Cr
and As could be rapidly triggered by sulfate additbut the releases slowly decreased
over time. Heavy metal release was more severepiesdransporting groundwater
(GW) than in pipes transporting surface water (SW)ere were strong positive
correlations (R> 0.8) between the releases of Fe and Mn, Fe gngieNand Cu, and
Fe and Pb. When switching to higher sulfate waten corrosion scales in all pipe
loops tended to be more stable (especially in pip@ssporting GW), with a larger
proportion of stable constituents (mainly;B¢) and fewer unstable compounds
(B-FeOOH,y-FeOOH, FeC@and amorphous iron oxides). The main functionat ir
reducing bacteria (IRB) communities were favordblethe formation of F€,. The
transformation of corrosion scales and the grovitbuifate reducing bacteria (SRB)
accounted for the gradually reduced heavy metabsdl with time. The higher metal
release in pipes transporting GW could be due toeased F£OH);.CO; content

under the higher sulfate concentrations.
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1. Introduction

The accumulation of heavy metals within drinking tevadistribution systems
(DWDS) has caused considerable concern. Even ifyheaetals are present at
concentrations below their maximum contaminantle{&ICLS) or at non-detectable
levels in treated water, they can accumulate wittgposits and corrosion scales that
exist in DWDS (Pengt al. 2012, Lytleet al. 2010, Fisheset al. 2000, Lytleet al.
2004, Schoclet al. 2008). Some iron compounds commonly found in omscales,
such as goethiteo{FeOOH), lepidocrocite y(FeOOH), magnetite (5F®;) and
ferrihydrite have strong affinity to adsorb and centrate trace heavy metals, such as
arsenic (As), chromium (Cr), lead (Pb), vanadiunm &4d uranium (U) (Peng al.
2010, Sarin et al. 2001). Relative to iron compounds, manganese (Mn)
oxides/oxyhydroxides are commonly found in DWDSd &imese are highly effective
at adsorbing metal ions, such as Cr, copper (Gah (Fe), nickel (Ni), Pb and
strontium (Sr) ions (Gerket al. 2016).

The primary concern with trace heavy metals in DW®#®e potential release of the
metals back into the water (through particulategpert and/or chemical release, e.g.
desorption, dissolution), which may result in etledbheavy metal levels in domestic
tap water. For example, there was a major relebad and other contaminants into
a midsized Midwestern distribution system followitig introduction of chlorination
in the United States. Shortly after chlorinationsviastituted, numerous colored water
complaints were received, and subsequent investigatound high levels of Fe, Cu

and As in the colored water specimens (Reiber apstdD 2000). Lytlest al. (2010)
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reported As concentration in domestic water waigs as 29%g L™, which was
nearly six times the MCL of 50g L™. Therefore, drinking water providers should be
aware of the potential release of trace heavy mekat are pre-accumulated in iron
corrosion scales, since these might pose a hemlkhifr these contaminants are
released into drinking water.

Alternative water sources and long distance watansport can help solve water
shortage problems. However, source water switclaes cause undesirable water
quality changes due to the disturbance of corrosicales by changes in water
chemistry. Sulfate was identified as one of the tmgignificant water quality
parameters in many water chemical stability moa@eld indices such as the Larson
index (Larson and Skold 1958). Under source swiohdition, sulfate has been
recognized as a causative agent of red water iryroases, and elevated levels of Fe
or Mn in bulk water are associated with discoloneder (Liet al. 2010, Ginigeet al.
2011). For example, in a red water case causeairges water switch in a northern
China city, it was found that the new water soune€l significantly higher sulfate
concentration compared with local water source (@@0L" vs 30 mg [*) (Yanget al.
2014), but the effect of sulfate on the deteriomanf water quality within DWDS are
currently not fully understood.

Moreover, iron release from corrosion scales/dépda DWDS is usually not
considered to be a health concern but rather athei&s issue associated with
discolored waterFe and Mn based compounds commonly existing in DWDS

corrosion scales are capable of adsorbing and otlatieg trace heavy metals. We
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wonder if heavy metal release accompanied by irelease could result from
switching to alternative source water and long agiseé transported water. The
relationship and the interaction mechanisms betweemand Mn release and heavy
metal release are not well understood. The maitorfacinfluencing the release
behavior of heavy metals are also not known.

This work sought to identify and evaluate the re¢eaf trace heavy metals under
switching water quality conditions. lron pipe seos from actual DWDS with
different source water supply histories were caodidcfor pipe loop set-up. The
relationships of total iron release, trace heavytameelease and corrosion scale
constituents under changing sulfate water condtisaresystematically analyzed and

discussed.

2. Materialsand methods
2.1 Pipe loop set-up and operation

Test cast-iron pipes (approximately 20 years oldjenobtained from two locations
in a northern city of China, and labelled as Pipanl Pipe-B. Historically, Pipe-A
was transporting finished surface water (SW1), Bim-B was transporting finished
groundwater (GW1). Water sources, main finishedewajuality parameters and
treatment processes of the corresponding wateintezd plants are summarized in
Table S1. Two pipe loop facilities were set up argtlel, and each facility consisted
of five DN100 and 1-m-long test pipe sections ahge¢ 0.1-m-long coupon pipe

sections (Fig. S1). The pipe loops with Pipe-A &mgk-B were designated as Loop 1
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(L1) and Loop 2 (L2), respectively.

A two-phase experiment was conducted for both jpoops. Phase I: feed water
was regular tap water collected from our lab withfuwther disinfection (with low
residual chlorine of 0.05-0.07 mg')L. The sulfate concentration was about 75 ritg L
and the duration was 50 d (equilibration period $tabilizing the concentration of
total iron and turbidity of effluents). Phase lldfate concentration of feed water was
increased by adding sodium sulfate to the reguigy twater. Three sulfate
concentrations were applied for each loop: for 240, 250, and 300 mg'. for L2,
200, 230, and 250 mg'L

Experimental phases, operation conditions, ancesponding water types for each
loop are listed in Table 1. We simulated the actil@v mode of water in the
distribution system and the domestic use. A corepdgeration cycle was set at 48 h,
and routine operation cycle procedures were asvisll first, a certain amount of test
water was prepared in a water tank; then wateuleition was started and continued
for 36 h, corresponding to 16 h of hydraulic rei@mttime (HRT) in cast-iron pipes;
second, circulation was suspended and the waterkeatsmotionless for 8 h, then
samples were taken for measurement; at the end, waeer was discharged and
preparations for a new cycle were started. TherBoktionless time represented the
night status when there was little or no water Wgater was circulated in test pipe
loops using a centrifugal pump at a flow rate & 8¢ h*, and the flow velocity in
test pipe sections was approximately 0.1 mThe water temperature was maintained

at 20 £1°C using a heat-exchanging unit.
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2.2 Pipe section reactor set-up and operation

Several small pipe section reactors (Loop 3) waesembled with cast iron pipes,
which were harvested from another GW (GW2) sendoea in a northern city of
China (Fig.S2). These pipes (denoted as Pipe-C¢ wpproximately 20 years old,
with diameter of DN100. Each test pipe was cut iBtd-m-long experimental
sections, and the cutting faces were coated witixyepesin to prevent water contact.
The HRT in pipe section reactors was 8 h. A stiyidievice was installed in reactors to
simulate water flow conditions in actual DWDS.

Raw tap water from the lab was fed into the pipetise reactors until the
concentration of total iron and turbidity of effhts stabilized (phase 1). Then the
sulfate concentration was increased by adding soduifate to the regular tap water
at 200, 300, 400, 500, 600 mg (phase Il), to evaluate sulfate effects on theasse
of heavy metals from iron corrosion scales. Theé ussd six concentration gradients

(from 75 to 600 mg 1), and was replicated five times (ran 1~ ran 5).

2.3 Analytical methods

Water quality parameters, such as pH, temperatdissolved oxygen (DO),
conductivity, turbidity, alkalinity, chloride (Qland SG* were measured for both feed
and effluent water. The pH, temperature, DO andlaotivity were measured using
Portable Multiparameter meter (Sension156 HACH, YS#nd the turbidity was

measured using a 2100P Turbidimeter (HACH, USAgeFchlorine was measured
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using a HACH DR2800 spectrophotometer,S@nd Cl were analyzed using the lon
Chromatography System-1000 (Dionex, USA). Fe, Ma, Zn, Pb, Ni, Cr and As
were analyzed by Inductively Coupled Plasma Mas&cBpmeter (ICP-MS,
Perkin-Elmer Optima 2000, USA). Unless otherwisec#jed, all chemicals used in
this study were Analytical Reagent grade. Ultrapuiteic acid was used to digest

samples for metal analysis.

2.4 Characterization of iron corrosion scales

Corrosion scale samples were collected from fresiufained pipe sections and
pipe loops L1 and L2 at the end of phase | and eHisrespectively. Typical
corrosion scale samples with different appearanese classified and analyzed
separately. Pretreatment procedures were as degdgileviously (Yangt al. 2012).
X-ray diffraction (XRD, D/max-rA, Rigaku Co., USAnd X-ray Fluorescence (XRF,
Advant’ XP, Thermo Electron, Switzerland) were penfied to characterize the
crystalline phase and elemental composition ofcsion scales. The instrumental
information for XRD and XRF as well as the quacttion method for XRD were the

same as described previously (Yabgl. 2012).

3. Results and discussion
3.1 Structural and elemental composition of initial corrosion scales
The morphology of corrosion scales on cast irorepidiffered depending on the

type of historic source water (Fig. S3), which vaescribed previously (Yang al.
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2012, Sunet al. 2014a). According to Yangt al. (2014), corrosion scales on pipes
historically transporting treated SW (Pipe-A) widélm appearance of a continuous
thick layer (10-20 mm) could be divided into topfage and hard shell (THS), porous
core layers (PCL), and entire tubercle (ET). TH8 &T scales are at the interface
between bulk water and the pipe wall, and wereidrarthat protected the pipe from
further corrosion. Their stability changes haveagrenpact on iron corrosion and
metal release. Scales on pipes transporting GWe{Biand Pipe-C) are relatively
thin (only few millimeters or less than a millimetewith non-tubercle-formed
corrosion scale (TNCS). The hollow tubercle (HTdale type which formed in the
pipes transporting GW, was not detected in thegotestudy.

A total of 22 inorganic elements (including Fe, Gg, Al, Na, Mg, S, K, Mn, P, Ti,
Zn, Cl, Mo, Ni, Cr, V, Sr, Cu, Pt, Pb and As) in D& corrosion scales were detected
in the corrosion scale samples. Table 2 summatimesontentsyg g*) of some main
elements in the initial corrosion scales. Fe was lligest component in all of the
scales analyzed, with mean content of 519640¢g*. The second most abundant
element for the two scales of TNCS was Ca (mea20@ug g), and nearly 6.5
times of the Ca content in THS, PCL and ET (me&@#24ug g%). As, Cr, Cu, Mg,
Mn, Pb and Zn also had higher levels in TNCS, caegbavith other scale samples.
The contents of S in the THS, PCL and ET scale® wesater than those in the two
scales of TNCS, and the highest content was présémé PCL scale. S occurrence in
scales is likely to be in the form of troilite, amamon under-layer component of iron
corrosion scales (Benjamet al., 1996). We did not detect crystalline,5gminerals

10
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by XRD, but the XRF results demonstrated that S seasmon.

3.2 Heavy metal release

Inorganic contaminants in DWDS solids came fromesalvsources, but mainly
from source water and pipe materials. Accordingémget al. (2012), As, V and U
released from mineral deposits dissolution wereenpoevalent in GW supplies, since
they could not be efficiently removed by traditibneater treatment plants. Some
other metal ions such as Pb, Cu, Cd, Cr and othyuaiities might originate from pipe
materials and pipe joints in DWDS (Mastetsal. 2016). We studied the effects of
sulfate on seven heavy metals (including As, Cr, o, Ni, Pb and Zn) release using
cast iron pipe-loops with different corrosion ssal@he changes of heavy metal
release under different sulfate concentrationgpagsented in Fig. 1. Releases of As,
Cr, Cu, Mn, Ni and Pb increased immediately at éigulfate concentration but the
releases gradually decreased over time. Compated.Wj the releases of As, Cu, Mn,
Ni and Pb in L2 were greater. In pipe section maci{L3), heavy metal release
exhibited similarity to L1 and L2. The mean concatibns of these heavy metals
under different sulfate concentrations are showahle 3. There was no correlation
between Zn release and sulfate concentration i loops (reactor).

Mn. Mn occurrence in corrosion scales was mainly tuehe formation and
deposition of Mn oxyhydroxide that originated frahme source water (Perg al.
2010, Swietlik e al. 2011). Under anoxic environments, Mn
oxides/oxyhydroxides were prone to reduction andaotabilization, with associated

11
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release of adsorbed substance (e.g. As, Pb, NC@ay) (Hill et al. 2010). As shown
in Fig. 1, higher sulfate levels can cause higleéease of Mn. Further correlation
analyses (Fig. S4) indicated that Mn release wasitipely related to sulfate
concentration in all pipe loops tRL1 = 0.72; L2 = 0.59). The mean effluent
concentrations of Mn in L1 (15dg L), L2 (115ug L) and L3 (117ug L™ all
exceeded the drinking water standards of China (fpQ*, GB 5749-2006), when
the sulfate concentration increased to 300 nfy 230 mg [ and 300 mg t,
respectively (Fig. 1, Table 3). XRF results demraistl that the contents of Mn in
THS, PCL, ET and TNCS (L2) decreased at higheragilivater levels, and the
decrements were 194, 233, 258 and 443", respectively (Table 2). The oxygen
consumption for L1 and L2 also increased with dalf@specially for L2 (Fig. S5).
For example, the residual DO concentration decteesggidly from 6.67 to 0.98 mg
L in L2, when the pipe loop operated for 8 h (arirertperation cycle was 48 h),
which was much lower than that of L1 (3.65 m{ after 26 h operation). Therefore,
when switching to higher sulfate water, the anaerabndition might contribute to
the release of Mn in reduced and more soluble ferhich needs to be confirmed.

Ni, Cu. Similar to Mn release, elevated levels of Ni @wwere found in all pipe
loops when initially increasing sulfate concentati (Fig.1, Table 3). The
concentrations of Ni in L2 (22g L™ and L3 (23ug L™) also exceeded the drinking
water standards (20g L), when the sulfate concentrations increased torag§a.*
(L2) and 400 mg I (L3), respectively. XRF results showed that thatents of Ni
and Cu both decreased, sometimes to undetectalss,len most of the scales at

12
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phase Il (Table 2). A strong positive relationstiisted between the release of Ni and
Mn (R* L1 = 0.95, L2 = 0.90), while relatively weak celation existed between the
release of Ni and sulfate $R.1 = 0.73, L2 = 0.65) (Fig. S4). Shial. (2007) found
that Cu release was controlled by the dissolutibthe corrosion scales, not by the
corrosion rate of the metal. Mn-containing deposdsld absorb Cu in DWDS, and
the destabilization/re-solubilization of Mn depssinight increase the Cu ions in
consumer taps (Gerlatal. 2016). Cu release was strongly correlated withrdlease
(R* L1 = 0.82, L2 = 0.97), but weakly correlated withlfate (R: L1 = 0.53, L2 =
0.50) (Fig. S4). Mn compounds can also absorb féicately (Trivediet al. 2001).
Hence, it might indicate that the release of Cu Bhavere mainly accompanied by
the release of Mn under higher sulfate condition.

As, Cr, Pb. Under raw tap water condition, the effluent corications of As and Cr
were very low, and often undetectable. At highdiasel water levels, the release of As
and Cr increased but remained lower than theiuanft concentrations (Fig. 1, Table
3). As release was positively correlated with Miease (R L1 = 0.78, L2 = 0.75),
while Cr release was more associated with sulfatel$ (R: L1 = 0.86, L2 = 0.84)
(Fig. S4). Pb release clearly increased with sailfavel. But under raw tap water
condition, Pb release was also lower than its @rfticoncentration. A strong positive
correlation existed between the release of Pb andmt L1 = 0.94, L2 = 0.91), and
relative weak relationship existed between Pb seleand sulfate level (Fig. S4). In
the presence of high concentrations of sulfate nvite contents of As, Cr, and Pb in
all analyzed scales decreased (Table 2). The yalfditiron oxides to adsorb As is
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well-known, and compounds commonly found in irorrrgsion scales (such as
a-FeOOH,y-FeOOH, FegO, et al.) have similar adsorptive properties, which could
therefore concentrate As and potentially releaggatthe DWDS (Lytleet al. 2004).
Mn oxides/oxhydroxides on pipe internal surfacesron corrosion scales also can
effectively adsorb Cr, Cu, R al. (Lytle et al. 2004, Gerkeet al. 2016, Manceaut

al. 1992). Therefore, we suspect that the adsorptigks pCr and Pb by Fe/Mn based
solids within corrosion scales accounts for theglatively lower effluent
concentrations. Moreover, Mn oxides could oxidibene adsorbed metal ions, e.g.,
Cr (Ill) to Cr (VI), changing the toxicity of theelavy metals (Gerket al. 2016). Cr

(IV) bound to Mn oxides/oxhydroxides and ingested potential human health risk.

3.3 Iron release and relationships between iron and heavy metal release

Curves of total iron release for L1 and L2 exk@bitsimilar variation during the
entire experimental period (Fig. 2). The total irooncentrations increased at the
initial stage with increasing sulfate concentratiand then decreased with time (in
accord with the results observed in L3, see bel@@)mpared to L1, total iron release
in L2 was greatly affected by sulfate concentratibime concentrations of total iron in
L2 nearly all exceeded 0.3 mg*l(upper limit of the drinking water standard fowrir
in China) when switching to higher sulfate waterd @ahe effluents always exhibited a
yellowish color. The total iron release fluctuatiscenarios (A total iron release” =
“total iron release sample measurement” minus ‘a&yer total iron release in
corresponding experimental phase”) under diffeseiifiate concentrations for L1 and

14
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L2 are illustrated in Fig. S6. The\'total iron release” for L2 changed over a wider
range from -0.057 ~ 0.076 mg'l{phase 1) to -0.078 ~ 0.069 mg'L-0.120 ~ 0.182
mg L* and -0.170 ~ 0.290 mg’i when the sulfate concentration increased to 200,
230 and 250 mg L, respectively. However, theA“total iron release” for L1 had a
narrower range of between -0.053 ~ 0.090 migduring the entire experimental
phases. The total iron release fluctuation scesannmler various operation conditions
can reflect pipe scale stability (Yaegal. 2014). These results demonstrated that the
corrosion scales of GW pipes were more affecteduifate and the corrosion scale
stability of SW pipes was higher than that of G\Wes, since the same water matrix
(lab tap water) was used in this study and the ghan water quality was only the
level of sulfate.

Sulfate is often the causative agent of red watwd, this is reflected in indices such
as the Larson index (lat al. 2010). Sulfate can increase ferrous iron diffudiam
pipe surfaces into bulk water, resulting in inceshsron concentrations, but the
pathways involved are not well understood. In thesent study, we found that
increasing sulfate concentration leads to a redgtivanaerobic environment in
distribution systems (especially for GW pipes). Hd, the DO concentration
decreased rapidly from 6.67 to 0.98 mq When the sulfate concentration increased
to 250 mg [*. However, the concentration of DO in L1 decreasledly from 6.67 to
3.65 mg L}, even when the sulfate concentration increas@®®mg L*. According
to the Kuch mechanism, it is possible for previgustposited ferric scales to act as
an electron acceptor and produce ferrous iron ffas#i into water in the absence of

15
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oxygen (Eqn.l) (Kuchet al. 1998). Sarinet al. also reported that decreasing the
oxidant concentrations, such as DO, in water carease the amount of iron release
from corroded iron pipes (Sariet al. 2004). Therefore, the anaerobic condition
caused by increased sulfate concentrations couldnbemportant factor increasing
total iron release.

Femeta) + 2FEO0Hscaief2H™ — 3F€" +40H 1)

Total iron release for L3 was similar to L1 and when sulfate concentration
increased (Fig. 3). Under a fixed sulfate concéianatotal iron release in ran 1 was
greater than that in ran 2, and ran 2 was gredtan tran 3. The total iron
concentrations in ran 3, ran 4, and ran 5 wereecldhe reason for this might be the
contents of iron oxides, which can be easily reddasto the water, decreased over
time. Sulfate could cause a more protective scaléhe pipe surface, or change the
corrosion scales from less stable to more stabistitaents (Yangt al. 2014, Imran
et al. 2006, McNeill and Edwards 2001). In the preseatlgtthe contents of stable
iron components, such ascFeOOH and F, all increased over time in the presence
of higher sulfate water concentration, and thi® aeuld account for the gradual
lowering of iron release. The following section yides corrosion scale comparison
and discussion.

The total iron release was positively correlatethvgulfate both in L1 (R= 0.70)
and L2 (R = 0.58) (Fig. 4). Strong positive correlationsoabxisted between the
release of Fe & Mn, Fe & Ni, Fe & Cu, and Fe & Rlith R* all being greater than
0.8. Compared to other heavy metals, Cr releasemzas closely related to sulfate

16
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level (R L1 = 0.86, L2 = 0.84) and As release was coreelad Mn release (RL1 =
0.78, L2 = 0.75). This suggests that total iroeask triggered by sulfate could result
in pre-accumulated/adsorbed heavy metal releas& bdo the drinking water.
Therefore, the total iron release not only conteluto discolored water, but was also

a health concern with concomitant heavy metal seléato DWDS.

3.4 Effect of corrosion scale composition transformation on heavy metal release
Corrosion scales with different morphologies weodlected from newly obtained
pipe sections in L1 - L3 under different experinanphases, and the crystalline
phases were characterized by XRD (Fig. 5). Forititeal corrosion scale samples
(from pipe sections in phase b;FeOOH and F©, were the main constituents of
THS and ET. Relatively higher content of unstableni components, such as
v-FeOOH, siderite (FeC§p green rust (REOH).1.CO;, GR) and amorphous iron
oxides existed in PCL. For the two scales of TN&&prphous iron oxides were in
greatest abundance, but the contentai-68OO0H were relatively lower compared

with THS and ET.

After moving to a higher sulfate water concentmnatisome notable characteristics
of the transformation of scale crystalline compositwere observed. First, the
relatively abundance of E@, in all kinds of corrosion scales increased when at
higher sulfate levels and the increased percentages all > 10% except PCL (6%).
The relative contents af-FeOOH increased in all samples by 2% - 4%. Suliate

deemed to increase iron corrosion, and accelenatéormation of ferrous iron from
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elemental iron (Eqn. 2). Ferrous iron can be oxdiby DO to formu-FeOOH and
Fe;0O4under low oxidation rates (Eqn. 3-5), accordinght® Siderite model proposed

by Sontheimeet al. (1981).

Fe (s) ~ Fe&'+2e 2)

2FE +1/2 G + 40H — 20-FeOOH + HO (3)
2FeC@+1/2 O+ 40H — 2u-FeOOH + CQ (4)
2FeCOH1/2 @ — Fe04+ CO (5)

Equations 3 to 5 are oxidation reactions, whichld&dquomote the formation of
a-FeOOH and F®, by consuming DO, and lead to an anaerobic envieminm
DWDS. Several studies have reported that ferricréwides (e.g.,o-FeOOH,
B-FeOOH,y-FeOOH and amorphous ferric oxyhydroxides) candreverted to R,
by iron reducing bacterial (IRB) under anaerobiaditbon (Loviey 1998, Rolet al.
2003, Sunet al. 2014b). In the present study, the bacterial conitiesnin scale
samples were analyzed by 16S rRNA pryosequenciogpl®mentary materials A).
Results showed that the relative abundances of ilRBIl corrosion scales also
increased when switching to higher sulfate wateg.§7, Table S3). The high
abundance of IRB in scales could favor the fornma@md preservation of E@,.
Fe;0O4 is thermodynamically stable, which could producedense and compact
corrosion scale. Corrosion scales with higgze€ontent usually possesses protective
and anti-corrosive properties, which serve as éarhindering the diffusion of
corrosive ions into corrosion scales (Satral. 2001, Sariret al. 2004, Lytleet al.
2005). FgO,is also an effective sorbent for some heavy metath as Cu, Pb, Cr, As
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(Rajputet al. 2016, Yantaseet al. 2007, Huet al. 2004). Therefore, E®,could act
as a barrier to hinder the release of heavy metathie one hand, and also to act as a
sink to adsorb released heavy metals. The formaifoReO, might be one of the
most important factors for inhibiting the releaséadal iron and heavy metals.

Second, the percentages of some unstable ferrieraus iron oxides (including
B-FeOOH,y-FeOOH and FeC{and amorphous iron oxides) in THS, ET, and two
samples of TNCS all decreased when switching thdrigulfate water. The decreased
percentages were all > 108sFeOOH,y-FeOOH, FeC@and amorphous iron oxides
were chemically unstable, and the relatively highercentage of these in corrosion
scales indicated the weak tolerance of distribujpgpes to feed water chemistry
changes (Yangt al. 2014). Therefore, the decrease of these unstabie br ferrous
iron oxides means that the iron corrosion scalgsipe loops tend to be more stable,
which could also account for the decreased relebkeavy metals over time.

Third, we found that when switching to higher stdfavater, the relative abundance
of GR in THS decreased from 15% to 8%, while theteots of GR in the two
samples of TNCS both increased (L2: from 16% to 2636 from 16% to 28%). GR
was chemically unstable, and could be oxidized I®galved oxygen into R,
a-FeOOH,y-FeOOH and/-Fe,0O3, depending on pH and oxidation rate (Pineiaal.
2008). Under anaerobic condition (as in L2 at pH#seGR can remain for a long
time (Refaitet al. 3003). The higher abundance of these unstableugwxides could
lead to more serious heavy metal release in DWDO8s Tight explain why the

release of total iron and some heavy metals wene s&rious in L2 than those in L1.

19



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

GR and sulfate reducing bacterial (SRB) always ted, due to the presence of GR,
and this could favor the colonization of SRB (Refali al. 2003). Bacterial
community analyses showed that the relatively abooe of SRB in all corrosion
scales increased under higher sulfate concentraggpecially in the two samples of
TNCS (Fig.S7, Table S3). SRB were usually assotiaféh anaerobic iron corrosion,
which could favor sulfide production and thus praenioon corrosion and ferrous iron
formation (Lytleet al. 2005, Pineawt al. 2008). However, SRB could use sulfate as
an electron acceptor and generate sulfide) (@ an anaerobic environment, the
biogenically produced %S could react with dissolved metals to form metdfide
precipitates, such as Cu, Zn, Ni, Fe, Al, As and Wonget al. 2003). Therefore, the

growth of SRB could also decrease heavy metalselea

4. Conclusions

Changes in water chemistry can result in accuraddadsorbed trace heavy metals
in iron corrosion scales being released back iotoektic water supplies thus leading
to reduced water quality. The present work systmaift investigated the effect of
sulfate on the release of trace heavy metals fromgorrosion scales to bulk water.

The release of Mn, Ni, Cu, Pb, Cr and As from iommrosion scales increased

immediately after sulfate concentration increased #hen gradually decreased over
time. Pipes historically transporting GW had gredteavy metal release, compared
with pipes historically transporting SW. Signifitacorrelations (R > 0.8) existed

between the release of Fe & Mn, Fe & Ni, Fe & Cud &e & Pb in all pipe loops.
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Mn release was also associated with other metats,pasitive correlations existed
between Mn & Ni (R L1 = 0.95, L2 = 0.90), Mn & Pb (RL1 = 0.94, L2 = 0.91),
Mn & Cu (R L1 =0.82, L2 = 0.97) and Mn & As (RL1 = 0.79, L2 = 0.75).

For the pipes historically transporting SW, coroosscales tended to be more stable
in the presence of higher sulfate levels, withrgda proportion of stable constituents
(mainly FeO4) and fewer unstable compoundsHeOOH, y-FeOOH, FeC@ and
amorphous iron oxides). The main functional baatedtommunities IRB were
favorable for the formation of E®,;. For pipes historically transporting GW,
constituents of corrosion scales also achieved mstability, while the anaerobic
condition promoted the formation of GR, a main preor of stable iron constituents.
The higher metal release in pipes transporting GW loe partially attributed to the
higher GR content. The relative abundance of SRBreassed with sulfate
concentration in all kinds of scales. The transfation of corrosion scales to a more
stable state and the growth of SRB may explaingtiadual decrease of heavy metal

release over time.
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section reactors (L3) under different sulfate concentrations



Table 1. Pipe ID, water sources in each pipe loop, experimental conditions and
feed water type

. . Historic . 1
Pipeloop  Test pipe source water Phases Duration Watertype Sulfate(mgL™)
[ 1-50d Tap water 75
i 52-86d . 200
Loop 1 Pipe-A SWi1 I 88-122 d Si r\:qvl;i ged 250
124-174d 300
I 1-50d Tap water 75
) 52-86 d ' 200
Loop 2 Pipe-B Gw1 I 88-122 d Si :Invgi gm 230
124-174d 250
I 7d Tap water 75
200
Loop 3 Pipe-C GwW2 Simulated 300
P P I 25 - 400
water 500

600




Table2. Elemental composition of corrosion scales under different experimental conditions (ng/g)

Scale sample ID Exps:]larggntal Al As Ca Cu Cr Fe Mg Mn Ni Pb S Si Zn
L1 tap water-THS Phase | 2350 11 1870 22 26 535500 1470 912 114 20 5910 6680 207
L1 tap water-PCL" Phase | 1870 NA® 473 48 40 562600 1140 406 65 31 15300 13700 68
L1 tap water-ET® Phase | 2410 NA 7930 50 35 522100 973 881 39 NA 7540 12900 193
L2 tap water-TNCS" Phase | 1950 47 22800 79 67 514000 3080 1220 82 69 1780 15900 533
L3 tap water-TNCS Phase | 10400 NA 21400 68 59 464000 3420 1200 85 58 2030 10300 362
L1 simulated water-THS Phase I 2610 NA 3910 NA NA 531200 686 718 NA NA 6530 9380 1
L1 simulated water-PCL Phase 1 2380 NA 195 NA 18 570500 659 173 NA NA 18100 11100 36
L1 simulated water-ET Phase I 2350 NA 8390 26 31 529000 604 623 27 NA 7640 11400 132
L2 simulated water-TNCS Phase I 4100 NA 20800 39 NA 526100 1420 777 NA 29 3970 19500 239
L3 simulated water-TNCS Phase I 9700 NA 22320 NA NA 497000 1657 446 NA 16 4330 17300 97

3THS: top surface and hard shell; ® PCL: porous core layer; °ET: entire tubercle without layered structure; © TNCS: thin corrosion scales; © NA: no analyzed



Table 3. Mean values of heavy metal concentrations of influents and effluentsin
pipe section reactors (L 3) under different sulfate concentrations

Bioe] Water s02 Metal concentration (ug L™)

PO ype  (mgLH " mMn  cu  zn P Ni Cr As
Influents 75 3 20 50 34 53 34 20

75 68 25 48 31 52 27 13

200 75 26 49 36 103 28 15

300 117 31 53 39 164 28 15

L3 Hifluents 400 137 44 51 50 228 29 16
500 168 55 49 57 283 30 18

600 180 60 56 7.0 34.3 3.7 2.0




Figure captions

Fig. 1 Changes of heavy metal release in L1 and L2 with time under different sulfate
concentrations (a) Mn, (b) Cu, (c) Ni, (d) Pb, (e) Cr, (f) As, (g) Zn

Raw tap water: 2~50d, SO,Z 75mg L™
Higher sulfatewater: (1) 52 ~ 86 d, SO,*: 200 mg L™; (2) 88 ~ 122 d, SO,*: 250 mg
L (L1), 230 mg L™ (L2); (3) 124 ~ 174 d, SO,%: 300 mg L™ (L1), 250 mg L™ (L2)

Fig. 2 Total iron release of L1 and L2 under different sulfate concentrations

Fig. 3 Tota iron release of L3 under different sulfate concentrations

Fig. 4 Relationships between the concentrations of total iron & sulfate/Mn (a: L1, b:
L2) and total iron & heavy metals(c: L1, d: L2)
The small plots (c1, d1) in (c) and (d) are the enlarged views of the relationships
between the concentrations of Fe & As, Fe & Cr and Fe & Pb.

Fig. 5 Crystalline composition variation of THS, PCL, ET and TNCS combined
samples for pipe loops L1-L.3 under different experimental conditions
(@) Fe30q, (b) a-FEOOH, (c¢) B-FeOOH / y-FeOOH / FeCOs3, (d) Amorphous
iron oxide, (e) Feg(OH)12,COs3
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Fig. 1 Changes of heavy metal release of effluentsin L1 and L2 under different
sulfate concentrations (a) Mn, (b) Cu, (c) Ni, (d) Pb, (e) Cr, (f) As, (g) Zn
Raw tap water: 2~50d, SO,%: 75 mg L™;
Higher sulfate water: (1) 52 ~ 86 d, SO,%: 200 mg L™; (2)88 ~ 122 d, SO,*: 250 mg L™ (L1),

230mg L™ (L2); (3) 124 ~ 174 d, SO,%: 300 mg L™ (L1), 250 mg L™ (L2)
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Fig. 2 Total iron release of L1 and L2 under different sulfate concentrations
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Fig. 4 Relationships between the concentrations of total iron & sulfate/Mn (a: L1, b:
L2) and total iron & heavy metals (c: L1, d: L2)
The small plots (cl, d1) in (c) and (d) are the enlarged views of the relationships between the

concentrations of Fe & As, Fe & Cr and Fe & Pb.
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Fig. 5 Crystalline composition variation of THS, PCL, ET and TNCS combined
samples for pipe loops L1-L.3 under different experimental conditions
(@) Fes0q, (b) a-FeOOH, (c) B-FeOOH / y-FeOOH / FeCOs, (d) Amorphousiron
oxide, (€) Fes(OH)1.COs5,



Highlights

Sulfate could trigger heavy metal release from iron corrosion scales.
Strong correlations exist between the releases of total iron and heavy metals.
Heavy metals rel ease decrease slowly over time after sudden increase by sulfate.

Corrosion scale stabilization and SRB growth inhibit heavy metals release.



