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Role of natural organic matter and hardness on
lead release from galvanic corrosiont
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Lead release into drinking water from lead service lines, lead containing solder and plumbing fixtures
continues to challenge many utilities. Corrosion inhibitors such as orthophosphate are often added to
water to mitigate lead release, but their use may not be feasible for many utilities and may not be sufficient
to meet regulatory limits. Thus, there is a need to identify other treatment strategies to minimize lead
release. Two possible means that have not been thoroughly studied include natural organic matter (NOM)
removal and hardness adjustment (e.g., water softening). Accordingly, this study employed a two-level
fractional factorial design to investigate the role of NOM and hardness in conjunction with dissolved
inorganic carbon (DIC), and pH, on the galvanic corrosion of lead. This study followed a “dump and fill”
protocol and employed test pieces consisting of new lead and copper pipes with an external galvanic
connection. Suwannee River NOM (SRNOM) increased the release of dissolved lead by an order of
magnitude in collected water samples. To be precise, average dissolved lead release in the synthetic waters
with and without SRNOM was 140 and 2460 ug L™ respectively (potentially significant li.e., 0.05 < p < 0.1];
p = 0.060). Using fluorescence excitation emission matrices, it was found that the release of dissolved lead
was correlated to decreases in the NOM humic-like peaks A (R? = 0.85; p = 4.4 x 108 and C (R? = 0.87; p
= 1.3 x 10°8). It is plausible that the decrease in fluorescence was due to the quenching effect of lead-
NOM complexation, providing evidence that complexation mobilized dissolved lead. Hardness and DIC did
not have a significant effect on lead release, however the galvanic current between the lead and copper
pipes was 28.5 pA higher when the DIC concentration was 80 mg L™ compared to 10 mg L™ (potentially
significant; p = 0.051). Finally, average total lead release at a pH of 7 was 7190 pg L™ compared to only
2800 pg L at a pH of 8.5 (potentially significant; p = 0.089), and there was some indication that the
impact of SRNOM was lower at a higher pH.

This study determined that untreated natural organic matter (NOM) can greatly increase dissolved lead release from lead service lines, although its role on
total lead release remains unclear. Furthermore, hardness was not found to have an impact on lead release. Therefore, these results suggest that utilities
should focus on controlling NOM in addition to other established corrosion control practices.

“ Department of Civil and Environmental Engineering, University of Waterloo,
Waterloo, ON, N2L 3G1, Canada. E-mail: pwking@uwaterloo.ca;

Tel: +1 519 878 2093

Introduction

Lead is a regulated contaminant in drinking water as it can
cause elevated blood lead levels, which are linked to
neurological and neurodevelopmental disorders."” For
example, Health Canada® has set a maximum acceptable
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concentration guideline of 5 pg L', which was recently
lowered from 10 pug L. The most common sources of lead in
drinking water include lead service lines, lead-containing
solder and plumbing fixtures, and galvanized iron pipes.*
Corrosion and the subsequent lead release are often
accelerated if there is a galvanic connection between lead
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and another metal such as copper. This is due to the nobility
of the metals, since lead is less noble than copper it corrodes
preferentially in a galvanic couple.” Lead release can further
be increased from galvanic corrosion due to a local drop in
pH near the lead surface, thus increasing its solubility.>®
Galvanic connections in the distribution system can occur
following partial lead service line replacements™”® which are
practiced in some systems even though full lead service line
replacements are advised (e.g., ref. 9).

Corrosion inhibitors, mainly orthophosphate, are often
added in the water treatment process to mitigate lead
release.’® However, their use may not be appropriate for all
utilities, for example if there are stringent phosphorus
discharge limits for wastewater.”" In such cases, other
adjustments to water chemistry may be required to meet
regulatory lead limits. It is well known that lead solubility is
highly dependent on the pH and dissolved inorganic carbon
(DIC) concentration. Based on solubility modelling, in a
lead(II) carbonate system the minimum solubility of lead
occurs at a pH of about 9.8 and a total inorganic carbon
(TIC) concentration of about 40 mg CaCO; per L.”>™'* In
practice, the target value for pH adjustment can be lower
than 9,' as in many cases it is not feasible to adjust to
higher pH values, especially in hard waters with high
alkalinity. As well, particulate lead generated through
galvanic corrosion can make total lead release highly
variable, even at pH values that minimize lead solubility.”"*

The impact of DIC on galvanic corrosion is complex, as it
can buffer against pH changes near the lead surface which
can decrease lead solubility but can also increase the
corrosion rate and the production of oxidized lead.>****” An
optimal alkalinity, which is related to DIC concentration, is
approximately 30-75 mg CaCO; per L based on lead solubility
and practical guidance.'®**'®2° However, it is unclear if
raising the alkalinity over 75 mg CaCO; per L will increase or
decrease lead release, and this is likely case specific and pH
dependent.>®*°* In fact, based on solubility modelling for
a lead(Il) carbonate system, Schock and Gardels'® showed
that the DIC has little impact at pH values around 8 which is
common for waters used in corrosion studies and may
explain the variable results. However, it is largely unknown
what role, if any, that DIC may have on a system with high
levels of NOM, indicating a need to evaluate potential
interaction effects between these factors with regards to lead
release.

Hardness adjustment could also potentially mitigate lead
release. In the past, it was thought that water with high
hardness would form protective calcium carbonate scales on
lead pipes to mitigate lead release.>®> However, more recent
literature has advised against the use of calcium carbonate
oversaturation as a corrosion control method, as it has been
suggested that corrosion has little to do with calcium
carbonate precipitation and notable quantities of calcium
carbonate are seldom found on lead pipes.'>** >’ However,
further research is still required as some studies have found
that hardness can influence scale formation'>**° and that
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calcium can decrease the concentration of colloidal lead by
altering the zeta potential of the colloids.*" As well, divalent
cations such as magnesium and calcium can adsorb to lead
phosphate particles promoting their aggregation and lead
immobilization.** To the authors’ knowledge there have been
no previous studies that have investigated hardness
independently from DIC under parallel experimental systems.

Natural organic matter (NOM) removal could also be
beneficial for utilities aiming to reduce lead release. In
laboratory-based studies, NOM greatly increased the release
of dissolved lead (<0.45 pum) in a variety of waters, most
likely by forming complexes with lead.** Additionally, NOM
has been found to alter the structure of corrosion scales®***
and alter the zeta potential of colloidal particles®™> leading
to colloidal dispersion of lead-rich colloids (0.001-1 um).>**
Both the formation of lead-NOM complexes and colloidal
dispersion have been identified in soft waters using size
exclusion chromatography combined with inductively
coupled plasma mass spectrometry (ICP-MS) and ultraviolet
absorption at 254 nm (UV,s4) detection,’®® as well as with
field flow fractionation coupled with ICP-MS and UV,s,
detection.”® However, which NOM components are
responsible for complexing with lead and causing colloidal
dispersion is unclear. There is also a need to evaluate the
impact of NOM in a variety of hard waters with different
background chemistry.

This research consisted of a bench scale study conducted
to address knowledge gaps pertaining to NOM and hardness
control on lead release from galvanic corrosion. This study
employed a two-level fractional factorial design with two mid-
point replicates, in order to (1) systematically investigate the
impact of pH, DIC, hardness and NOM on galvanic corrosion,
lead release and scale formation; (2) explore changes in NOM
fractions upon stagnation in lead and copper test pieces
using liquid chromatography with organic carbon detection
(LC-OCD) and fluorescence excitation emission matrix
(FEEM), and (3) compare measured dissolved lead
concentrations to the theoretical solubility. Synthetic waters
without a disinfectant or corrosion inhibitors were utilized to
focus on the water quality factors of interest without
additional complexity. This prevented the NOM from reacting
with a disinfectant, thus providing a worst-case scenario for
NOM induced lead release that is representative of utilities
that use groundwater without a disinfectant. The hardness
was controlled separately from DIC to better study the impact
of hardness on corrosion.

Materials and methods
Test pieces

The test pieces were based on a design in Parks et al.*® (Fig.
S1t). New lead pipes (length: 50 cm, outer diameter: 1.0 in.
[2.54 cm], inner diameter: 0.75 in. [1.91 cm]) were connected
to new type M copper pipes (length: 50 cm, nominal diameter:
0.75 in. [1.91 cm], outer diameter: 0.875 in. [2.22 c¢m], inner
diameter: 0.81 in. [2.06 cm]) with flexible polyvinylchloride

This journal is © The Royal Society of Chemistry 2022
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tubing and were separated using a 0.125 in. [0.32 cm] thick
rubber washer. The pipes were galvanically connected with
bronze ground clamps and copper wire 10 cm from the
junction and were plugged using rubber stoppers and
plumber's tape. New lead pipes instead of harvested lead
pipes were utilized to decrease variability from pre-existing
corrosion scales. New pipes with a galvanic connection
provided a worst-case scenario to assess corrosion and metal
release. Although lead release is different in new lead pipes
compared to harvested lead pipes, the same general trends
are expected in many cases.>”®*"** The cleaning and
pretesting of the test pieces are outlined in the ESL}

Experimental design

The impact of four water quality factors (pH, DIC, hardness
and NOM) on lead release was investigated using a 2*"
fractional factorial design with eight factorial points and two
mid-point replicates, set at the halfway point between the low
and high levels of all four factors. A factorial design is an
efficient experimental design for analyzing the main and
interaction effects of multiple factors*> with a minimal
number of conditions (test pieces), and it has been used in
previous corrosion research.’® Each of the test pieces were
sampled three times over a period of 20 weeks, providing
good replication of measurements. This study was intended
to identify the effects of the factors, if any, and not to develop
a model as it is expected that the relationships are non-
linear.

The water quality factors had low, mid-point, and high
levels of 7.0[pH-], 7.75[pH0] and 8.5[pH+] for pH, 10[DIC-],
45[DICO] and 80[DIC+] mg C per L for DIC, 50[Hard-],
250[Hard0] and 450[Hard+] mg CaCO; per L for hardness
and 0[NOM-], 3.5[NOMO] and 7[NOM+] mg C per L for NOM
using Suwannee River NOM (SRNOM) (Table 1). Reference
SRNOM from the International Humic Substances Society
was selected as it is from a natural source, is more

Table 1 Target chemistry of the synthetic waters prior to stagnation in
the test pieces

Test piece pH DIC Hardness NOM
TP1[pH-/DIC-/Hard-/NOM-] - - - -
TP2[pH+/DIC-/Hard-/NOM+] + - - +
TP3[pH-/DIC+/Hard-/NOM+] - + - +
TP4[pH+/DIC+/Hard-/NOM-] + + - -
TP5[pH-/DIC-/Hard+/NOM+] - - + +
TP6[pH+/DIC-/Hard+/NOM-| + - + -
TP7[pH-/DIC+/Hard+/NOM-] - + + -
TP8[pH+/DIC+/Hard+/NOM+] + + + +
TP9[pHO0/DICO/Hard0/NOMO] 0 0 0 0
TP10[pH0/DIC0/Hard0/NOMO] 0 0 0 0
DIC Hardness NOM
Level pH mg C per L mg CaCOj; per L mg DOC per L
- 7 10 50 0
0 7.75 45 250 3.5
+ 8.5 80 450 7

This journal is © The Royal Society of Chemistry 2022
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representative of real NOM than humic or fulvic acid
standards and has been used in previous corrosion
research.’®"” A high level for NOM of 7 mg C per L was
selected as it was used in a previous corrosion study that
followed a factorial design®® and it resulted in a mid-point
level (3.5 mg C per L) that is characteristic of treated drinking
water from several sources in Southern Ontario. Each effect
was estimated from the eight factorial points and the two
mid-point replicates were used to provide an estimate of the
error and make the design more robust against outliers.*’
The synthetic water preparation is outlined in the ESI} and
Table S1.

Sample collection

The experiment followed a “dump and fill” protocol® over a
period of 20 weeks at room temperature (approximately 20
°C). Each Tuesday, a new batch of water was prepared for

Wednesday (48 hour stagnation), Friday (72 hour
stagnation) and Monday (48 hour stagnation) water
replacements. Water quality parameters were routinely

analyzed in the freshly prepared synthetic waters (Table
S2t1) and were close to the target values (Table S3t). The
galvanic current was measured prior to sample collection
on Wednesdays (Table S27).

The samples were collected in accordance with the
method outlined in the ESLf The total lead and copper
concentrations were measured from weekly composite
samples, while the reported dissolved and particulate lead
(total - dissolved) concentrations were from select individual
48 hour stagnation events (Monday-Wednesday) (Table S27).
Additionally, several other water quality parameters (e.g., pH,
DIC, hardness, dissolved organic carbon (DOC), specific
conductance, and turbidity) were measured from the water
collected after the final 48 hour stagnation event of the week
(Tables S2 and S37). Except for NOM, changes to the water
quality following stagnation in the test pieces are discussed
in the ESIj All the effects were calculated based on the target
value of the water quality factors (pH, DIC, hardness, and
NOM).

Analytical methods

The galvanic current between the lead and copper pipes was
measured using a multimeter (400 Q resistance; Klein Tools®
MM400). Lead and copper samples were analyzed by ICP-MS
(Thermofisher X series II; Standard Method 3125) at
Dalhousie University.*®> The detection limits for lead and
copper were 0.4 and 0.7 ug L™ respectively.

NOM characterization using FEEM and LC-OCD analyses
conducted on filtered samples (0.45 um,
polyethersulfone, Pall Corporation Supor®) and were stored
in prebaked glass vials (450 °C, =1 hour) at 4 °C prior to
analysis. Samples for FEEM were analyzed within 48 hours of
collection on a Cary Eclipse Fluorescence Spectrophotometer
(Agilent Technologies) in a 1 cm quartz cuvette. Excitation
(Ex) wavelengths ranged from 250 to 380 nm with 10 nm

were
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increments and emission (Em) wavelengths were monitored
from 300 to 600 nm at 1 nm increments. FEEMs were
evaluated using peak picking’ and the NOM humic-like peak
A maximum was at Ex/Em = 250 nm/461 nm, while the NOM
humic-like peak C maximum was at ExX/Em = 340 nm/457 nm
(Fig. $2+).>° Samples for LC-OCD were normally analyzed
within one week of collection and ChromCALC software was
used to integrate the chromatograms (Fig. S37).>"

The pH (Thermo Scientific Orion 9106BNWP, Standard
Method 4500-H+ B), alkalinity (Standard Method 2320B),
specific conductance (YSI Professional Plus, Standard Method
2510B), turbidity (HACH® 2100Q Portable Turbidimeter,
Standard Method 2130B), and chloride and sulfate
concentrations (Thermo Scientific DionexTM ICS-1100,
Standard Method 4110C) were measured according to
standard methods.”® The DIC concentration was estimated
using chemical equilibrium relationships based on pH and
alkalinity. Several metals including calcium, magnesium, and
sodium were measured using collision reaction cell ICP-MS
(measured by ALS Limited, Waterloo, Ontario, modified from
EPA 6020B).>> The hardness was estimated based on the
calcium and magnesium concentrations (Standard Method
2340B).**

The scale analysis was completed at Washington
University in St. Louis at the end of the 20 week long
experiment in accordance with methods described in
previous work.>*** In short, imaging using a scanning
electron microscope (SEM) (Thermofisher Quattro S E-SEM),
energy dispersive X-ray spectroscopy (EDS) (Oxford AzTec
energy dispersive X-ray spectrometer), X-ray powder
diffraction (XRD) (Bruker d8 Advance C-ray diffractometer
with Cu Ko radiation) and ICP-MS (PerkinElmer Elan DRCII)
analyses were completed. More details on the scale analysis
are included in the ESLf

Data analysis

The main effects of each factor for galvanic current, lead
release, and copper release were calculated as the difference
in the average response at the high level and the low level.
The two factor interaction effects were calculated as the
difference in the average response when both the factors
were at the same level and when they were at different levels.
The weekly measurements treated as repeat
measurements and analysis of variance (ANOVA) analysis was
completed with MATLAB® using average values. To improve
normality, the copper data was transformed using the Box
Cox method with a A = 0.5.*° Meanwhile, the galvanic current
and lead data were not transformed (4 = 1). The statistical
analysis is discussed in detail in the ESL} Lead solubility in
the synthetic waters was modeled using tidyphreeqc,”® an R
interface for the USGS' PHREEQC,”® and pbcusol,®” an
extension of tidyphreeqc for lead and copper solubility
modeling. The modeling methodology is discussed in the
ESIt and a list of reactions and constants is provided in
Table S4.F

were
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Results and discussion

Impact of water quality factors on galvanic corrosion

There were large differences among the test pieces for various
parameters (Table S5t), suggesting that different conditions
had substantial effects on these parameters. Yet, there were
challenges associated with demonstrating, with statistical
significance, the effects of the different experimental
variables on observed results. Effects with significance less
than 5% (p < 0.05) were considered to be significant, while
effects between 5% and 10% (0.05 < p < 0.1) were designated
potentially significant (Tables 2 and S67). Significance at 10%
(p < 0.1) has been reported in previous corrosion research
studies (e.g. ref. 18 and 22).

Galvanic current. A time series panel plot for the galvanic
current over 20 weeks is displayed in Fig. 1 (TP1-8) and Fig.
S4t (TP9 and TP10), and the average galvanic current values
are displayed in Fig. S5F TP3[pH-/DIC+/Hard-/NOM+]| had
the highest galvanic current in every single week of
measurements with an overall average of 71.9 pA (Fig. 1c).
This was mostly attributed to having a high DIC
concentration of 80 mg L™, since this factor had a potentially
significant effect on galvanic current (p = 0.051; Table 2). The
increase in galvanic current associated with an increase in
the DIC concentration was likely due to an increase in the
conductivity.>”*® A weak but statistically significant
correlation was found between conductivity and galvanic
current (R* = 0.39; p = 1.5 x 10™°). A previous study by Zhou
et al.*® reported a significant increase in galvanic current
when increasing the SRNOM concentration from 1 to 7 mg C
per L, whereas in the present study NOM addition did not
significantly increase the galvanic current. This difference in
statistical significance may have been due to a substantially
different water quality in the current study compared to Zhou
et al.*®

Dissolved lead. The average dissolved lead release (<0.45
um) following select individual 48 hour stagnation events is
shown in Fig. 2. Additionally, a time series panel plot for the
dissolved lead release over 20 weeks is displayed in Fig. S6.f
Compared to total lead, dissolved lead release was fairly
consistent with coefficients of variation ranging from 7.1%
(TP10[pHO/DICO/Hard0/NOMO]) to 34.4% (TP7[pH-/DIC+/
Hard+/NOM-]) (Table S51) and had no discernible temporal
trends. Unlike the galvanic current results, the DIC did not
have a significant effect on dissolved lead release (Table 2)
which is consistent with the literature®'’*® and expected
based on lead solubility in the pH and DIC range used in this
study.™

The SRNOM was found to have a potentially significant
effect (p = 0.060) on dissolved lead release; with the addition
of 7 mg C per L of SRNOM increasing dissolved lead release
by 2320 ug L' (Table 2). Average dissolved lead release in the
test pieces exposed to water with 7 mg C per L of SRNOM
was extremely high and ranged from 578 (TP8[pH+/DIC+/
Hard+/NOM+]) to 3890 ug L™ (TP3[pH-/DIC+/Hard—/NOM-+]).
The two test pieces with the highest dissolved lead release

This journal is © The Royal Society of Chemistry 2022
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Table 2 Effects and significance of water quality factors determined using ANOVA
Parameter pH (P) DIC (D) Hardness (H) NOM (N)
Galvanic current (pA) Low (-)* 43.3 24.5 39.2 32.8
Mid-point (0) 43.6 43.6 43.6 43.6
High (+)* 34.1 52.9 38.3 44.6
Effect” -9.2 28.4 -0.9 11.8
p-Value 0.15 0.051° 0.76 0.12
Total lead (ug L) Low (-) 7190 3350 5360 3870
Mid-point (0) 2000 2000 2000 2000
High (+) 2800 6640 4630 6130
Effect -4390 3290 =730 2260
p-Value 0.089 0.12 0.45 0.17
Dissolved lead (ug L™ Low (-) 1810 1410 1630 140
Mid-point (0) 1360 1360 1360 1360
High (+) 785 1190 970 2460
Effect -1030 -230 -650 2320
p-Value 0.13 0.49 0.21 0.060
Particulate lead (ug L™")¢ Low () 8140 2050 6030 3780
Mid-point (0) 790 790 790 790
High (+) 1820 7920 3930 6180
Effect -6320 5870 -2100 2400
p-Value 0.053 0.057 0.16 0.14
Total copper (ug L) Low () 146 47.6 141 24.8
Mid-point (0) 771 771 77.1 77.1
High (+) 55.8 154 60.4 177
Effect -90 107 -81 152
p-Value 0.076 0.054 0.11 0.034
Dissolved copper (ug L) Low () 99.5 20.2 97.0 14.0
Mid-point (0) 50.1 50.1 50.1 50.1
High (+) 33.1 112 35.6 119
Effect —66.4 92 -61.4 105
p-Value 0.083 0.045 0.11 0.036
Particulate copper (ug L) Low () 37.8 22.9 28.2 14.2
Mid-point (0) 19.1 19.1 19.1 19.1
High (+) 17.4 32.3 27.0 41.0
Effect -20.4 9.3 -1.3 26.7
p-Value 0.056 0.096 0.35 0.042

“ Low (n = 4), mid-point (n = 2), and high (n = 4) indicate the average value when the water quality factor was at that level. ? Effects were
calculated from untransformed data while significance was calculated from untransformed data for galvanic current and lead release and Box
Cox transformed data with 1 = 0.5 for copper. ¢ Bolded values were found to be significant at 10% and bolded and italicized values were found
to be significant at 5%. ¢ The effects for particulate lead release could not be statistically determined as the ANOVA model had a potentially

significant lack of fit error (p = 0.089).

both had 7 mg C/L of SRNOM and a low pH of 7.0 (ie.
TP3[pH-/DIC+/Hard—/NOM+]: 3890 pg L™* and TP5[pH-/DIC—/
Hard+/NOM+]: 3050 ug L7'). This is in accordance with
previous studies where waters with a low pH were more
susceptible to the negative impacts of NOM.***® However,
there was still a notable increase in dissolved lead at high pH
values when SRNOM was present suggesting that the effect of
NOM is not negligible in these waters. These results suggest
that improvements to NOM removal can reduce dissolved
lead release in a variety of waters.

The order of magnitude increase in dissolved lead release
from adding SRNOM is consistent with the literature.”®"’
However, the dissolved lead concentrations in the present
study were an order of magnitude higher than in previous
work (average of 2460 vs. 273 pg L™').*® Possible explanations
for this difference include, in the present study, a lack of
disinfectant, more aggressive water, and the use of new
instead of harvested lead pipes. In previous studies,
complexation or colloidal dispersion were thought to be

This journal is © The Royal Society of Chemistry 2022

primarily responsible for the drastic increase in dissolved
lead release in the presence of NOM (e.g. ref. 33, 35 and 39).

Total lead. The total lead measured in the weekly
composite samples is shown in Fig. 2 and a time series panel
plot for the total lead release is displayed in Fig. S7.f The
total lead release from the test pieces ranged from 693
(TP1[pH-/DIC-/Hard—/NOM-]) to 12600 pug L™* (TP3[pH-/DIC
+/Hard-/NOM+]) (Table S51). Total lead release was highly
variable with no apparent temporal trends and coefficients of
variation ranging from 9.1% (TP10[pHO0/DIC0/Hard0/NOMO])
to 122.6% (TP4[pH+/DIC+/Hard-/NOM-]). The pure error was
relatively high and although a high variability is commonly
reported, trapping of particulate lead at the junction between
the lead and copper pipes may have been a contributing
factor."

The pH had a potentially significant effect on total lead
release with an increase in pH from 7.0 to 8.5 decreasing lead
release by an average of 4390 ug L™' (Table 2), as was
expected based on previous research.'®*"?”** Similar to the
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and copper pipes of the test pieces during the 20 week study for a)
TP1 and TP5, b) TP2 and TP6, c) TP3 and TP7 and d) TP4 and TP8. The
galvanic current was measured following a 48 hour stagnation period.

dissolved lead results, the DIC did not have a significant effect
on total lead release (Table 2), which is in accordance with
previous studies.>”*® As well, NOM did not have a significant
effect on total lead release (Table 2), due to large amounts of
particulate lead in many of the test pieces. However, as
determined from the samples from the individual 48 hour
stagnation events, NOM generally increased the percentage of
total lead that was dissolved. When 3.5 or 7 mg C per L of
SRNOM was present, dissolved lead comprised between 17.7%
(TP3[pH-/DIC+/Hard-/NOM+]) and 81.4% (TP10[pHO/DICO/
Hard0/NOMO]) of total lead compared to between only 1.5%
(TP7[pH-/DIC+/Hard+/NOM-]) and 29.9% (TP1[pH-/DIC—/
Hard-/NOM-]) in the test pieces without SRNOM (Table S57).
In addition, for waters with low pH and low DIC, it appeared
that NOM may have increased total lead release, as lead release
was consistently much higher in TP5[pH-/DIC-/Hard+/NOM+|
than in TP1[pH-/DIC-/Hard-/NOM-] (Table S6 and Fig. S8t).
Under similar water quality (e.g. low pH and DIC), other studies
have reported the negative impacts of NOM.***®

Furthermore, the hardness had a negligible impact on
total lead release (Table 2) indicating that hardness
adjustment is not likely to be an effective corrosion control
strategy. This finding is in accordance with some previous
studies,">'®2>"%” but is in contrast to other studies that have
suggested that hardness and calcium can have an impact on
lead release (e.g. ref. 28, 29 and 31). Colling et al*® found
that waters with a hardness to alkalinity ratio greater than
1.7 released more lead than waters with a ratio less than 1.7.
In that study, waters with higher lead release formed more
rigid scales on lead pipes than waters with lower lead release,
although it is not clear if the hardness-to-alkalinity ratio was
responsible for this difference in scale structure.*® This
relationship was not found in the current study, most likely
due to different background water quality, although the large
range of hardness to alkalinity ratios in the synthetic waters
may also have played a role. Bisogni et al.*' found that at a
concentration of 5 mg L', calcium destabilized colloidal lead
particles by altering the zeta potential. However, increasing
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Fig. 2 Total and dissolved lead release from the test pieces. Total lead
was measured from the weekly composite samples over the entire 20
week study. Dissolved lead was measured from the samples collected
after the final 48 hour stagnation event in weeks 4, 8, 10, 12, 14, 16, 19
and 20. Bars represent average values and error bars represent the
90% confidence intervals.

the calcium concentration from 5 to 40 mg L' did not
provide any additional benefit,** which may explain why this
was not observed in the present study.

Faraday's law was used to predict the amount of oxidized
lead produced from galvanic corrosion using the galvanic
current, as described in the ESL}” Over the entire experiment,
between 2.9% (TP8[pH+/DIC+/Hard+/NOM+]) and 40.7%
(TP5[pH-/DIC-/Hard+/NOM+]) of the oxidized lead predicted
by Faraday's law was released into the water (Table S7t). This
is a relatively high amount of lead release compared to other
studies; Cartier et al.” found that between about 13-18% of
oxidized lead was released while Wang et al.>° reported even
lower percentages. Nonetheless, it is presumed that the
majority of the oxidized lead accumulated in the corrosion
scales (59.3-97.1%). It is likely that some of the corrosion
scales that formed were dislodged on a sporadic basis, which
would explain why total lead release was high and variable.

Particulate lead. The particulate lead release (>0.45 pm)
was calculated as the difference in total lead and dissolved
lead from the samples collected following the select 48 hour
stagnation events. Average particulate lead release was the
lowest in TP8[pH+/DIC+/Hard+/NOM+] (250 pg L") and the
highest in TP3[pH-/DIC+/Hard-/NOM+] (18 100 pg L") (Table
S5t). The release of particulate lead was sporadic and highly
variable, with coefficients of variation ranging from 39%
(TP10[pHO/DIC0O/Hard0/NOMO]) to 123% (TP3[pH-/DIC+/
Hard-/NOM+]). The lack of fit error from ANOVA was found
to be potentially significant (p = 0.089) for particulate lead
release and therefore the statistical significance of the effects
could not be determined.

In the samples from the individual 48 hour stagnation
events, particulate lead comprised between 18.6% (TP10[pHO/
DIC0/Hard0/NOMO]) and 82.3% (TP3[pH-/DIC+/Hard-/NOM+])
of total lead in the test pieces with SRNOM (3.5 or 7 mg C per
L) and between 70.6% (TP1[pH-/DIC-/Hard-/NOM-]) and
98.5% (TP7[pH-/DIC+/Hard+/NOM-]) of total lead in the test
pieces without NOM. This difference could be related to the

This journal is © The Royal Society of Chemistry 2022
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higher dissolved lead in the test pieces with SRNOM, which is
most likely due to NOM complexation and/or colloidal
dispersion. In the absence of NOM, these mechanisms are not
at play and particulate lead dominates the total lead content.
There is some evidence in waters with low pH and low DIC that
SRNOM may increase particulate lead as TP5(pH-/DIC~/Hard+/
NOM+) had notably higher particulate lead release than
TP1(pH-/DIC-/Hard-/NOM-) and this is a potential finding
that warrants further investigation (Table S6 and Fig. S87).

Copper. Average total and dissolved copper release from
the test pieces are displayed in Fig. 3 and summary statistics
for total, dissolved, and particulate copper release are shown
in Table S5.7 The release of total copper was much lower than
total lead and ranged from 7.5 (TP6[pH+/DIC—/Hard+/NOM-])
to 438 pg L' (TP3[pH-/DIC+/Hard-/NOM+]) with coefficients
of variation ranging from 23% (TP8[pH+/DIC+/Hard+/NOM+])
to 83% (TP2[pH+/DIC-/Hard-/NOM+]) (Table S51).

An increase in the pH from 7.0 to 8.5 potentially
significantly decreased the release of total copper by 90 ng
L™, dissolved copper by 66.4 ug L™*, and particulate copper
by 20.4 ug L™ (Table 2). An increase in the DIC concentration
from 10 to 80 mg L' significantly increased the release of
dissolved copper by 92 pg L', and potentially significantly
increased the release of total copper by 107 pg L™ and
particulate copper by 9.3 ug L™ (Table 2). The sum of the pH/
DIC interaction and the hardness/NOM interaction was
found to have a potentially significant effect on both total
and dissolved copper release (Table S6t) and it is more likely
that the pH/DIC interaction was the potentially significant
effect. This is in accordance with previous studies and is
likely due to the solubility of copper hydroxides and copper
carbonate species."®®"%!

SRNOM at a concentration of 7 mg C per L significantly
increased total copper release by 152 pg L™, dissolved copper
release by 105 ug L™, and particulate copper release by 26.7
ug L™ (Table 2). An increase in dissolved copper release due

1000 4 u Dissolved

u Total

100

Copper Release (pg/L)

Test Piece
pH
DIC

Hardness
NOM

Fig. 3 Total and dissolved copper release from the test pieces. Total
copper was measured from the weekly composite samples over the
entire 20 week study. Dissolved copper was measured from samples
collected after the final 48 hour stagnation event in weeks 4, 8, 10, 12,
14, 16, 19 and 20. Bars represent average values and error bars
represent the 90% confidence intervals.
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to NOM has been noted previously for other water types, and
the proposed mechanisms include the formation of soluble
copper-NOM complexes, colloidal dispersion, inhibition of
the natural aging process, and alteration of corrosion
scales.®>*! Hence, NOM removal has the potential to reduce
copper release in addition to dissolved lead release.

Solubility modelling

Theoretical lead solubility in the presence of lead binding to
NOM was modeled for the different waters using PHREEQC,
via the R package pbcusol as outlined in the ESL{ A key
assumption of the model was that lead carbonate solids
would control solubility. More specifically, the model
predicted that hydrocerussite (Pbs(CO3),(OH),) would control
solubility in TP2[pH+/DIC-/Hard-/NOM+] and TP6[pH+/DIC~/
Hard+/NOM-|, while cerussite (PbCO;) would control
solubility in all the other test pieces. The dissolved lead
concentrations predicted by the model ranged from 148
(TP6[pH+/DIC-/Hard+/NOM-]) to 2221 ug L™ (TP5[pH-/DIC-/
Hard+/NOM+]) (Fig. S9 and Table S8f). The model
overestimated dissolved lead in the synthetic waters without
NOM and this may have been because the corrosion scales
that formed were more complex than either cerussite or
hydrocerussite, the system may not have reached equilibrium
after 48-72 hours and a stable scale had not formed on the
pipe surface as discussed later. Meanwhile, in most cases the
model underestimated dissolved lead in the presence of
SRNOM. A possible factor for this discrepancy is that the
model did not explicitly account for colloidal dispersion of
lead due to NOM, while dissolved lead measurements may
have included Pb-NOM colloids. An exception to this was
TP8[pH+/DIC+/Hard+/NOM+], which despite having 7 mg C
per L of SRNOM had less dissolved lead release than was
predicted by the model. One potential explanation is that the
combination of high DIC and hardness protected against
colloidal dispersion.*

Changes to NOM following stagnation

LC-OCD results. The humics concentration decreased
significantly (p < 0.05) following stagnation in all the test
pieces (Fig. 4a), which implies that humics may associate with
dissolved/particulate lead and/or were incorporated into the
corrosion scales. The DOC concentration decreased in all the
test pieces (Fig. S10af) and is consistent with a decrease in
humics, which constitute the majority of the DOC. However,
the decrease in DOC was only significant (p < 0.05) in three of
the six test pieces (TP3[pH-/DIC+/Hard-/NOM+], TP5[pH-/
DIC-/Hard+/NOM+], and TP§[pH+/DIC+/Hard+/NOM+]). None
of the other NOM fractions measured by LC-OCD (Fig. S10b-f¥)
changed significantly following stagnation, other than a
significant decrease in the concentration of low molecular
weight (LMW) neutrals (p = 0.013) in TP8[pH+/DIC+/Hard+/
NOMH+].

The decrease in humics concentration did not correlate
with dissolved lead release (R> = 0.16; p = 0.098; Fig. 4b).
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Fig. 4 a) Average LC-OCD humics concentration in weeks 3, 7, 12, 16
and 20 b) decrease in humics concentration upon stagnation in the
test pieces measured using LC-OCD. The data plotted is for TP2[pH+/
DIC-/Hard-/NOM+], TP3[pH-/DIC+/Hard-/NOM+], TP5[pH-/DIC-/
Hard+/NOM+], TP8[pH+/DIC+/Hard+/NOM+], TP9[pHO/DICO/Hard0/
NOMO] and TP10[pHO/DIC0/Hard0/NOMO] in weeks 12, 16 and 20.

Furthermore, the aromaticity (specific ultraviolet absorption
of the humics fraction, i.e. ratio of ultraviolet (UV) absorption
to organic carbon concentration of the humics fraction) did
not change significantly upon stagnation, except for
TP5[pH-/DIC-/Hard+/NOM+], thus indicating no change in
the humics composition.

FEEM results. FEEM can give an indication of the
properties and relative concentrations of fluorophore-
containing NOM groups. Humic-like substances, which
account for the majority of the NOM in surface waters, are
characterized by humic-like peaks A and C.*° These peaks
were identified in all the synthetic waters containing SRNOM,
while no peaks were identified in the samples without
SRNOM. Peak A (Ex/Em = 250 nm/461 nm) and peak C (Ex/
Em = 340 nm/457 nm) locations are consistent with the
literature.””>° The intensity of the peaks before and after
select 48 hour stagnation periods in the test pieces with
SRNOM is shown in Fig. S11.f The peak intensities decreased
significantly in all the samples with SRNOM following
stagnation (p < 0.05), which implies that there was a
decrease in the amount of the fluorophore containing humic-
like substances. An alteration of humic-like substances was
not likely since the co-ordinates of both peak maxima
remained the same. This is consistent with the LC-OCD
results which found a decrease in the concentration of the
humics fraction but no change in the aromaticity.

Strong correlations between the decrease in humic-like
peak A (R*> = 0.85; p = 4.4 x 10°%; Fig. 5a) and peak C (R*> =
0.87; p = 1.3 x 10°%; Fig. 5b), and dissolved lead release were
observed in the synthetic waters with SRNOM. This contrasts
with the LC-OCD results, where no correlation was observed
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Fig. 5 Correlation between dissolved lead release and the decrease in
humic-like a) peak A (Ex/Em = 250 nm/461 nm) and b) peak C (Ex/Em
= 340 nm/457 nm) fluorescence intensities in arbitrary units (au) upon
stagnation in the test pieces measured using FEEM. The data plotted is
for TP2[pH+/DIC-/Hard-/NOM+], TP3[pH-/DIC+/Hard-/NOM+], TP5-
[pH-/DIC-/Hard+/NOM+], TP8[pH+/DIC+/Hard+/NOM+], TP9[pHO/
DICO/Hard0/NOMO] and TP10[pHO/DIC0/Hard0/NOMO] in weeks 12,
16 and 20.

between a decrease in the concentration of the humics
fraction and dissolved lead release. This difference may
possibly be attributed to differences in analytical techniques;
FEEM detects fluorophores and is presumably more sensitive
to functional groups involved in complexation with lead,
while LC-OCD separates fractions by apparent molecular
weight and measures their carbon concentrations.

To the authors' knowledge, this is the first study to
identify a correlation between a decrease in FEEM peak
intensities and dissolved lead release. This result indicates
that the humic-like peaks decreased proportionally to the
amount of dissolved lead that was released. A possible
explanation for the decrease in fluorescence intensities may
be the formation of complexes between these humic-like
fractions and dissolved lead. Indeed, NOM-metal binding has
been found to have a quenching effect on the FEEM
intensities of humic-like substances (e.g. ref. 65). This
quenching effect is most likely due to the alteration of
functional groups in the NOM that are responsible for
fluorescence, as shown by studies on heavy metal binding
and changes to NOM fluorescence (e.g. ref. 65 and 66). The
incorporation of humic substances in the corrosion scales
may also have contributed to this decrease.

Scale analysis

XRD results for the lead pipes of the test pieces are shown in
Fig. 6 and Table S91 and the ICP-MS results for the scales are
summarized in Table S10.f SEM-EDS analysis results for lead
(Table S117) and copper scale analysis results can be found
in the ESLj The XRD results indicate that cerussite was
present on almost all the lead pipes (TP1, TP3-10). Several
other lead solids were also detected on some of the lead
pipes including hydrocerussite (TP3-7, TP10), litharge (PbO)
(TP1, TP3, TP5-10), and elemental lead (TP1-3, TP5-10). The
scales that formed were more complex than either cerussite
(TP1, TP3-5, TP7-10) or hydrocerussite (TP2, TP6) assumed

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 XRD patterns obtained from the surface of the lead pipes for a range of 5° to 80° 26. The patterns at the bottom are the reference patterns

of the solids that had peaks identified in the samples.

by the tidyphreeqc model. Elemental lead was probably
present because the process of removing the scale from the
inner surface of the lead pipes can also remove some of the
unaltered lead. Although not predicted by the tidyphreeqc
model, litharge was seen in the scales. Litharge is a more
soluble solid than cerussite or hydrocerussite, which is why
it was not predicted to have formed, and it may be present
as a layer below the lead carbonates.’”®” Its presence may
explain the measured dissolved lead concentrations that
exceeded the expected solubility of and
hydrocerussite. Calcium carbonate precipitation was not
detected on the lead pipes even though several of the
synthetic waters were estimated to have a positive Langelier
saturation index (LSI). In contrast, some of the copper pipes
did have magnesian calcite (TP4, TP6-8, TP10) detected by
XRD together with substantial amounts of calcium as

cerussite

This journal is © The Royal Society of Chemistry 2022

determined from elemental of the scale
composition.

The SRNOM appeared to alter the colour of the lead
corrosion scales, as the lead pipes not in contact with NOM
formed white corrosion scales, while many of the lead pipes
in contact with SRNOM formed corrosion scales that were
shades of green, yellow, or brown (see example photographs
in Fig. S13 and S147). This coloration may be due to humic
substances being incorporated into the lead corrosion
scales,®**"*” which would be supported by the decrease in
LC-OCD humics concentrations and fluorescence. In the
current study, the structure of the corrosion scales appeared
to be similar in the test pieces exposed to water with and
without SRNOM. This is in contrast with previous research,
which found that in the presence of NOM, cerussite and

hydrocerussite were less crystalline and contained an

analysis
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amorphous layer at the surface.**** This may be due to the
high DIC concentration and hardness in the waters in the
current study and its short duration (20 weeks). In Korshin
et al.,** NOM prevented the formation of cerussite and
hindered the growth of hydrocerussite crystals. This is also in
contrast to the current study, where cerussite (TP1, TP3-10)
and hydrocerussite (TP3-7, TP10) were detected on many of
the pipes with SRNOM. This may be because the lead
coupons in Korshin et al.** were exposed to water with a
lower DIC concentration of approximately 4.3 mg L™
(calculated from alkalinity = 15 mg CaCOj; per L) compared
to 10 mg L™ or higher in the current study.

Implications for the water treatment industry

Although lead concentrations in this study were far higher
than in real-world sampling and represent a worst-case
scenario, it is of note that SRNOM increased dissolved lead
concentrations (<0.45 pg L) by approximately an order of
magnitude. This is consistent with Locsin et al®® and it is
possible that some of the dissolved lead may in fact be
colloidal in nature. Furthermore, the results of this study
suggest that even in hard waters, NOM can greatly increase
dissolved lead release. Follow-up experiments are required
to confirm if NOM at lower concentrations (<3.5 mg C per
L) in a variety of real waters and under different flow
conditions, can have a similar effect. However, as Trueman
et al® identified lead-NOM binding in treated drinking
water, it is plausible that in some real waters similar
findings could be observed. Despite this, the results of this
study are not conclusive with regards to NOM and the
release of particulate lead (i.e., particles greater than 0.45
um). For waters without NOM, total lead was comprised
primarily of particulate lead, while in waters with NOM
dissolved lead was typically higher than particulate lead. It
seems that NOM can facilitate a phase transition to
dissolved lead most likely through complexation and
colloidal dispersion. This also implies that the removal of
NOM will likely reduce dissolved lead concentrations, but it
does not necessarily follow that total lead concentrations
will be reduced substantially. Thus, it is unclear whether
NOM removal will impact total lead concentrations in
consumers' taps. However, it is possible that in a system
with more stable corrosion scales the benefits of reducing
dissolved lead release may cause more notable decreases in
total lead.

In this study, an increase in DIC concentration from 10 to
80 mg L™ did not reduce the release of lead resulting from
galvanic corrosion. This contrasts with some studies such as
Ma et al,’ that have found DIC can decrease lead release by
buffering against pH changes. This may not have been
observed in the current study due to the influence of SRNOM
and extremely high particulate lead release. Hardness did not
have a significant effect on the galvanic current or lead
release, however, it is possible that it could offer some degree
of protection against highly dispersed lead colloids.** Overall,

1696 | Environ. Sci: Water Res. Technol., 2022, 8, 1687-1699

View Article Online

Environmental Science: Water Research & Technology

the results from the present study suggest that hard water
can still be aggressive towards lead in certain situations and
that hardness adjustment is unlikely to have a large impact
on lead release.

Conclusions

This study had the goal of determining the role of NOM on
the galvanic corrosion of lead in hard drinking water. This
was accomplished by employing a 2" fractional factorial
design to examine the impact of pH, DIC, hardness, and
NOM on the galvanic corrosion of lead. Overall, the following
conclusions were made based on the results of the 20 week
long “dump and fill” experiment using test pieces with new
lead and copper pipes.

e SRNOM had a potentially significant impact (p = 0.060)
on the release of dissolved lead, with the addition of SRNOM
at a concentration of 7 mg C per L increasing the release of
dissolved lead by an average of 2320 ug L. This suggests
that NOM removal or treatment can decrease dissolved lead
concentrations, but it does not necessarily follow that total
lead concentrations will be reduced. Without NOM dissolved
lead may transition to particulate lead. However, based on
previous research there is reason to be believe that NOM
removal can reduce total lead in at least some
situations.”>*%°°

e Hardness did not have a significant impact on the
galvanic current or lead release. Thus, hardness adjustment,
such as water softening, is unlikely to have a noticeable
impact on lead release.

e As expected, the pH and DIC concentration had
potentially significant effects on total lead release (p = 0.089)
and galvanic current (p = 0.051) respectively. An increase in
the pH from 7 to 8.5 decreased total lead release by 4390 ug
L™". An increase in the DIC from 10 to 80 mg L™" increased
the galvanic current by an average of 28.4 pA.

e Strong correlations were identified between the release
of dissolved lead and a decrease in the humic acid-like peak
A (R* = 0.85; p = 4.4 x 10°%) and peak C (R*> = 0.87; p = 1.3 X
107®) intensities measured by FEEM. This result provides
indirect evidence of complexation of dissolved lead by humic
acid-like substances.

e Unlike previous reports, SRNOM did not seem to hinder
scale formation (mainly cerussite and hydrocerussite) on the
lead pipes. The synthetic waters with SRNOM formed
corrosion scales that were shades of green, yellow, or brown
on the lead pipes, while the synthetic waters without NOM
formed white corrosion scales. This suggested that SRNOM
was incorporated in the lead corrosion scales, although the
scales were too thin to identify any structural differences.

e Scale analysis indicated that passivating scales such as
calcium carbonate did not form on the lead pipes even in
waters with a positive LSI. Furthermore, increasing the
hardness and/or DIC concentration did not have a beneficial
effect on lead release, suggesting that lead release could still
be an issue for some utilities using hard waters.

This journal is © The Royal Society of Chemistry 2022
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