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ABSTRACT

This four-year study evaluated the effect of phosphate inhibitors on the corrosion of iron
pipes under extended stagnant water conditions. Study parameters included pH and alkalinity,
age of the pipe, water stagnation time, and inhibitor type.

For iron release, addition of phosphate inhibitors had no statistically significant effect (at
95% confidence) in two-thirds of the experiments. In the remaining experiments, addition of
orthophosphate or zinc orthophosphate always increased iron concentration. Polyphosphate
addition decreased iron release at only one water quality and increased it at other conditions.

For weight loss, polyphosphate inhibitor dosing did not decrease the extent of scale build-
up or overall weight loss. Orthophosphate dosing reduced overall weight loss at only one water
quality condition; at all other conditions, the addition of orthophosphate had a detrimental effect.

INTRODUCTION

Although iron corrosion causes awide variety of problems, two primary concernsin
drinking water distribution systems are tuberculation and “red water.” Tuberculation isdueto
excessive scale (“rust”) build-up and leads to decreased water flow, increased head loss, higher
pumping costs, and potential sites for bacterial regrowth. “Red water” isthe generic term for
water with high particulate iron concentrations due to corrosion by-product release. Red water is
often the most common water quality related customer complaint, asit leads to tap water with

objectionable tastes, odors, and staining.

Phosphate inhibitors are one of the most common tools used to combat iron corrosion in
distribution systems. These compounds were first introduced 60 years ago to prevent excess
calcite precipitation in drinking water distribution systems.1 In the 1940’s, hexametaphosphate
gained popularity as a“wonder chemical” that supposedly offered simultaneous control of calcite

precipitation, iron precipitation, and iron corrosion. The most common types of phosphate
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inhibitors used today include hexametaphosphate (polyphosphate), orthophosphate, zinc
orthophosphate, zinc metaphosphate, and bimetallic phosphate (sodium-zinc- or potassium-zinc-
phosphate).2 The exact mechanism(s) of phosphate action are unclear, and many theories

abound (see reference 3 for areview).

Numerous studies have extolled the virtues of phosphatesin stirred lab experiments or
flowing distribution systems.#9 However, there is anecdotal evidence that phosphate inhibitors
perform poorly at low flow or stagnant conditions, 10-13 and three studies found that phosphate
inhibitors either had no effect or actually increased iron corrosion under such conditions.14-16
Thus, the current study was undertaken to rigorously examine long-term phosphate performance
in avariety of water qualities under stagnant conditions. These conditions smulate the worst
case stagnation times that might be found in “dead-end” sections of adigtribution system or in
home plumbing. Three different inhibitors were tested, including polyphosphate (Nax:P200s1),
orthophosphate (NagPO4), and zinc orthophosphate (Zn3(POs)2), in five different water qualities.

After a brief review of the general experimental approach and a discussion of the quality
assurance/quality control (QA/QC) procedures, results from each of the experiments will be
presented. Finally, the implications of these results for understanding the role of phosphate

inhibitors in corrosion control in stagnant water are described.

EXPERIMENTAL METHODS

The experimental set-up consists of 36-cm long sections of 1.4-cm diameter cast iron
pipes purchased at alocal hardware store. All pipes were initially rinsed three times with
0.1 N sodium hydroxide (NaOH) and then rinsed five times with reagent grade (Milli-Q) water.
Boulder, CO tap water (pH = 7.8, alkalinity = 45 mg/L, silica=5-8 mg/L, chloride = 6 mg/L,
sulfate = 6 mg/L, total organic carbon = 1.3 mg/L, no phosphate inhibitor added) was used as a
base water, with appropriate modifications to achieve other target pH and alkalinity conditions
(Table 2-1).

For each of the above water qualities, three phosphate conditions were tested (no
inhibitor, 1 mg/L orthophosphate, and 1 mg/L hexametaphosphate), making 15 water conditions

total (5 water qualities x 3 inhibitor conditions). Thisallows direct and unambiguous
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comparison of inhibitor effectsin a given water. A subset of experiments also investigated the

effect of zinc orthophosphate inhibitor.

An inhibitor dose of 1 mg/L as P was selected because it isin the upper range of doses
used by utilities.1? Initial concentrations of phosphates in the pipes were 0.0 + 0.03 mg/L (no
inhibitor) or 1.0 + 0.05 mg/L (with inhibitor) in al experiments. The exception was during the
72-hour stagnation experimentsin this work, for which the polyphosphate was mistakenly dosed
at 0.7 mg/L as P for three weeks. Polyphosphate was dosed at 1 mg/L P for all subsequent
experiments. Stock solutions of orthophosphate and polyphosphate inhibitors were prepared at
concentrations of 500 mg/L and 320 mg/L as P, respectively, and were kept in the dark at 4°C.

In order to make a stock solution for the zinc orthophosphate inhibitor, the solid was dissolved in
anitric acid solution (1% v/v HNOs) and heated at 91°C for 2 hours. This yielded a solution of
321 mg/L as P. Becausethis stock solution was very acidic, approximately 200 uL of 1IN NaOH

was added to neutralize the acid in 1.3 mL of zinc orthophosphate solution dosed to each water.

The pipes were aged by regular water changes each Monday, Wednesday, and Friday for
the duration of thisstudy. To change the water, a pipe was first inverted three times to mix the
water, then all of the water was poured out. The pipe was immediately refilled with fresh
solution of the appropriate water quality. The pipes had arubber stopper in each end and were
laid flat, and water inside the pipes was stagnant in between these water changes. Although
these conditions are not completely representative of distribution system conditions, thiswas the
simplest way to conduct a carefully controlled stagnation experiment. Moreover, an AWWARF
project run in parallel using lead and copper pipes led to substantial advances in mechanistic

understanding using the exact same waters and sampling protocol .18 19

The general approach was to intensively sample the pipes to determine the effect of
various parameters on iron by-product release to the water. Because one goal was to determine
the effect of pipe age on observed phosphate impacts, pipes were pre-aged for two different time
periods before the experiments were conducted. As the pipes were continuously maintained,

their age changed for each experiment (Table 2-2).
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For each experiment, replicate samples were collected from each pipe for three
successive stagnation periods (e.g. Sunday, Wednesday, and Saturday for the 72-hour
experiment) so that the mean, standard deviation, and 95" percentile confidence interval could be
calculated for iron release in the same water and in the same pipe. A total and soluble (0.45-um

filtered) sample were collected from each pipe on each of the three sampling days.

It isimportant to note that due to the large number of samples collected, they were not
filtered for 12 hours (on average) after collection. While the total iron concentration remained
constant, the iron speciation (Fe vs. Fe"®) changed during thistime. The 51-hour stagnation
experiment was designed to overcome thislimitation. The old pipes (aged 3.5 years) were
sampled once to measure soluble iron and to collect iron particles for visual inspection. All

samples were filtered immediately after collection from the pipe during this experiment.

At the conclusion of the experiments, the pipes were drained of water and dried in a
nitrogen atmosphere for 24 hours. The scale was removed from the inside of each pipeusing a
wire brush attached to a Dremel® tool .20

Quality Control Measures

A number of tests were conducted to minimize experimental error. The filters used to
guantify soluble iron (0.45-um nylon disposable, Life Science Products, Denver, CO) and
sample containers (HDPE bottles, Nalgene Corp, Rochester, NY) were tested for metal leaching
and sorption. No significant sorption or leaching problems were found for iron.

All samples were analyzed for iron and phosphorus with an Inductively Coupled Plasma
Emission Spectrometer (ICP-ES, Liberty 150-AX, Varian, Palo Alto, CA). A blank (zero
concentration) and known standard were run every ten samples during ICP-ES analysis runs for
standard QA/QC procedures.

RESULTS
Data from the pipe experiments are presented in two sections: effect of phosphate
inhibitors on total iron by-product release (8-, 51-, and 72-hour stagnation) and weight loss

measurements.
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Total Iron Release

The pipesin this study released large amounts of iron by-products into the water. Typical
results are shown in Figures 2-1 and 2-2, which show data from 8- and 72-hour stagnation
periods for the “new” and “old” pipes (Table 2-2). The data from the 51-hour experiment had
similar patterns of iron release, but are not shown here. For reference, ferric iron particlesat 1-3
mg/L are sometimes visible to the human eye depending on particle size. The secondary limit

for iron in drinking water is 0.3 mg/L.

It is useful to compare iron release data from pipes with and without phosphate inhibitor
at each water quality. The percent changein iron release when phosphorus was added was
calculated for each condition according to Equation 2-1.:

Fel. ... —[Fel.;
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Thus, positive numbers indicate an increase in iron concentration (a detrimental effect), while
negative numbers indicate a decrease in iron (abeneficial effect). Given all of the experimental
parameters (2 inhibitor types, 5 water qualities, 2 pipe ages, and 2 stagnation times), there were
40 different combinations of conditions (Figure 2-3). For 26 of these conditions, phosphate
inhibitors had no significant effect on iron release compared to pipes with no phosphorus added
(the average iron concentrations were not different at 95% confidence). For another 12
conditions, addition of either orthophosphate or polyphosphate increased the iron release. There
were only two conditions where the addition of polyphosphate actually reduced iron release (old
pipes, pH 7.2, akalinity 300 mg/L; 8- and 72-hour stagnation).

In sum, the addition of orthophosphate never had a beneficial effect on iron by-product
release; it either increased iron release or had no effect compared to a pipe with no phosphorus
added. Polyphosphate had a beneficial effect only at pH 7.2 alkalinity 300 mg/L; at all other
conditions the addition of polyphosphate either increased iron concentration or had no effect.

Overall Weight L oss

Although phosphate inhibitors did not reduce iron release, it was gill possible that they
lowered the iron corrosion rate. Thus, at the conclusion of the by-product release experiments,
the old pipes (now aged 4-years) were drained of water and dried. The total weight loss for each
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pipe was calculated as the sum of scale build-up and by-product release. Scale build-up was
determined by carefully weighing the dried pipes, removing the scale, and re-weighing the pipes.
This gave the weight loss due to scale build-up over the four-year life of each pipe. Weight loss
due to by-product release was calculated by summing the iron concentration released during each
sampling of the pipe over itslifetime. Percent change values for each parameter were calculated
similar to Equation 2-1, again with positive numbersindicating a detrimental effect and negative

numbers indicating a beneficial effect.

For the overall (4-year) duration of the experiment, addition of phosphate inhibitors
generally had a very negative impact on all aspects of corrosion (Figure 2-4). Orthophosphate
reduced scale build-up and overall weight loss compared to a pipe without phosphate inhibitor
only at the high pH (9.5) condition. In the other four water qualities, addition of orthophosphate
increased scale build-up, by-product release, and overall weight loss. Similarly, polyphosphate
never had a beneficial effect—it had no significant effect on by-product release in two water
qualities, and increased scale build-up, iron release, and overall weight loss at all other

conditions.

DISCUSSION

Phosphate inhibitors were rarely beneficial in controlling iron corrosion in stagnant pipes
for the conditions tested in this study. If theinhibitor had a statistically significant effect, it was
generally detrimental. Thisisin stark contrast to inhibitor action in flowing water; as mentioned
earlier, many previous studies have found phosphate inhibitors useful in flow systems or in short

duration laboratory experiments.

In order to understand this different behavior of inhibitors in stagnant conditions, an
attempt was made to correlate the experimental results with factors previously found to influence
inhibitor action (discussed below). Because this effort was largely unsuccessful, anovel “cut
pipe’ experiment was conducted that provided a preliminary hypothesis for polyphosphate
action. Finally, a separate set of experiments using zinc ortho-phosphate will be briefly
discussed.
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Factors Thought To Affect Corrosion
A number of factors have previously been shown to influence iron corrosion in flow
systems. These factors include water quality (pH, alkalinity, and buffer intensity), pipe age,

inhibitor residual, and soluble iron concentration.

Initial pH and Alkalinity. Several previous studies found a relationship between the
initial pH15 2224 or alkalinity2>27 and iron corrosion. This experimental design allowed
examination of the effect of raising theinitial pH at constant carbonate alkalinity of 45 mg/L
(comparing waters 1, 3, and 5, see Table 2-1) and the effect of raising initial alkalinity at
constant pH of 7.2 (comparing waters 2, 4, and 5). However, because of large variability iniron
release, there were few statistically significant differences dueto pH or alkalinity changesin
these waters (Figures 2-1 and 2-2). Thisis especially true for the 8-hour stagnation in the new
pipes, where iron release was approximately constant regardless of water quality or inhibitor
dosing. Overall, only one pH change had a significant effect—raising the pH from 7.2t09.5in
the old pipes during the 8-hour stagnation produced a 38% reduction in total iron release. Two
alkalinity changes had an impact on iron release, both for the old pipes during the 72-hour
stagnation: raising alkalinity from 15 to 45 mg/L (108% increase in iron) and raising alkalinity to
300 mg/L (68% reduction in iron).

Final pH. Itisnot completely surprising that iron concentrations did not correlate with
theinitial pH of the water, because the water quality in a pipe can change dramatically over the
stagnation period. Accordingly, in several experiments, the final pH after stagnation was

measured.

For the new pipes, the pH changes after stagnation were generally not significant.
However, for the old pipes the final pH was significantly higher in pipes with phosphate inhibitor
than in pipes with no inhibitor. For example, when polyphosphate was added to a pipe with a
given water quality, the final pH after stagnation was as much as two units higher than the pipe
with no phosphate. However, there is no statigtically significant trend when total iron releaseis
plotted against final pH for all waters qualities (R* = 0.0005). Although there is apparently no
direct relationship between final pH and iron release, it is possible that these large pH changes

could indirectly affect corrosion.
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Buffer Intensity. Several previous studies indicated that iron release and corrosion rates
were a function of buffer intensity.23. 28-30 However, for these experiments there was no clear
relationship between initial buffer intensity and iron release (R? = 0.298).

Pipe Age. Inthe 72-hour stagnation experiment for the pipes with no inhibitors, the pipe
age had asignificant effect on iron release for all five water qualities—on average, the old pipes
had 63% lower iron release than the new pipes. In contrast, pipes with phosphate inhibitor
showed little difference in iron release between the two pipe ages; iron release was not
statistically different in eight of ten experiments. For both types of inhibitor, only the pH 7.2,
alkalinity 300 mg/L condition showed a significant difference, with an average iron reduction of
80% in the old pipes. The trends for the 8-hour stagnation experiment were not as clear asthe
72-hour results, but when there was a significant difference, the old pipes always had lower

rel ease than the new pipes.

Phosphorus Residuals. Given that phosphorusisthe active ingredient in these corrosion
inhibitors, one might expect that iron concentrations would depend on the amount of P consumed
in each pipe. For these experiments, there was a large variation in phosphorus consumption,
ranging from zero to nearly one hundred percent. In general, longer stagnation times and older
pipes led to more phosphate consumption (alower P residual). However, there was no direct
relationship between residual phosphorus (total, particulate, or filtered) and iron released (Figure
2-5), nor was there a trend in phosphorus consumption versus water quality. There was also no

correlation between inhibitor type and P residual.

Soluble Iron. Iron released from pipes into water may be either soluble or particulate.
Solubleiron is usually operationally defined as ferrous (Fe™) species while particulateiron is
considered to be ferric (Fe"®) compounds, with ferrousiron easily oxidized to ferric iron by
dissolved oxygen.31: 32 Ferrousiron isakey component in the “siderite model”, which proposed
that siderite (iron carbonate, FeCQs) is key to controlling iron corrosion .2 33 Because these
experiments involved rather lengthy stagnation periods, most of the dissolved oxygen was

consumed from the water, which could be conducive to ferrous iron production.

33



In the initial sampling protocol for this study, samples were not filtered until
approximately 12 hours after collection from the pipes. Although the total iron concentration
remained the same, during this period any soluble ferrous iron (Fe*?) present was quickly
oxidized to ferric iron (Fe*®) which precipitated as an orange or brown solid. For example, many
of the samples had either dark green particles or a greenish tint to the solution when first poured
out of the pipe (possibly indicating ferrous complexes or solids), athough there was no clear
relationship between water quality and the sample color. After storage for 12 hoursin a sealed
container, every sample was orangish-brown in color, and many had orange particles settled in
the bottom of the bottle. When these samples werefiltered, nearly all of them had soluble

(< 0.45-pum) iron concentrations of less than 0.05 mg/L (maximum soluble iron was 0.2 mg/L).

In one of the 72-hour stagnation experiments, the samples were filtered approximately
four hours after being poured out of the pipe. Soluble iron concentrations ranged from zero to
2.5 mg/L, indicating that some ferrous iron had not yet been oxidized. Because thiswas not a
triplicate sampling, it is difficult to establish any statistically significant trendsin solubleiron
release from this data. However, it was clear that the new pipes generally had more soluble iron

than the old pipes.

To better address the issue of iron speciation, experiments were conducted in which the
water samples were filtered immediately after collection from the pipe (after 51-hour stagnation).
Any iron passing through a 0.45-um filter was operationally defined as solubleiron. These
immediately-filtered samples had much higher soluble iron (as much as 4 mg/L) compared to
samples that were filtered 4 or 12 hours after collection. Soluble iron ranged from zero to nearly
25% of the total iron released to the water, with the percentage of soluble iron generally
increasing as pH was decreased or alkalinity was raised (Figure 2-6). However, there was no
direct relationship between the amount of soluble iron and the total iron released (R? = 0.009) or
overall weight loss (R? = 0.087) in each pipe.

Cut Pipe Experiments
Because none of the traditional factors such as water quality or phosphorus residual could
completely explain the observed trendsin iron release or weight loss, additional ideas were

investigated. One potential hypothesis for the detrimental effect of polyphosphate inhibitor isits



effect on scale formation. The interaction between polyphosphate and iron scaleis unclear;
some studies indicate that polyphosphate disperses ferric iron particles in the waters 34 35 while
others suggest it only complexes ferrousiron.12 1536 Regardless, polyphosphate has been
reported to reduce scale build-up in pipes.> 13,34, 35, 37-41 However, for the stagnant conditions
of these experiments, polyphosphate appeared to actually increase the amount of scale on the

pipe walls.

To examine this possibility in greater detail, a“cut pipe” study was conducted. In these
experiments, the pipes with water qualities#1 —#4 (Table 2-1) that had been dosed with
phosphate for 3.5 years were cut in half with aband saw. The pipes were kept on the regular
water change schedule, but in one of the pipe halves, dosing of 1 mg/L polyphosphate or
orthophosphate was continued, similar to the original condition. In the other half, phosphate
dosing was completely stopped. Iron concentrations were monitored in each pipe, and at the end
of the experiment, scale build-up and total weight loss were determined as discussed in the
previous section. This procedure allowed direct comparison of the effect of stopping the

inhibitor dose in pipes with the same scale already built up on the surface.

Results for the pipes dosed with orthophosphate were inconclusive. However, a clear
trend was observed for the pipes dosed with polyphosphate: there was a dramatic increasein
iron by-product release in pipes where the polyphosphate dosing was stopped. For example, for
pipes with water quality pH 7.2, alkalinity 15 mg/L, the iron concentration was initially four
times higher in the pipe where polyphosphate dosing was stopped (Figure 2-7). Similar results
were obtained in three of the four other water qualities. However, this effect was relatively
short-lived; when the pipes were sampled three months after the dosing change, theiron

concentrations were the same in the two pipe sections.

One possible reason for this large increase in iron concentration is that stopping the
phosphate dosing caused the iron scale to be released into the water. In fact, at each of the four
water qualities tested, the pipe section where polyphosphate dosing was ceased had less scale
build-up than the corresponding pipe where phosphate was dosed (Table 2-3). Thistrend is
consistent with the data presented on overall scale build-up (Figure 2-4); pipes dosed for four
years with polyphosphate always had more scale build-up than similar pipes never dosed with
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phosphate. Moreover, visual inspection of the pipes showed large tubercles present in the pipes
dosed with inhibitor (especially polyphosphate), whereas tubercles were not found in pipes
where phosphorus was not added.

These cut pipe experiments were relatively short term, so further confirmation is
necessary. However, it seems clear that there isadifference in scale formation in stagnant
waters compared to previous research with flow conditions when polyphosphate is present. This
phenomenon may be related to the low levels of dissolved oxygen induced by the stagnant

conditions of these experiments.42

Zinc Orthophosphate

Having established that the traditional phosphate inhibitors (orthophosphate and
polyphosphate) were generally detrimental to iron corrosion under stagnant conditions, the issue
of zinc addition was investigated. Many studies have touted the benefits of including zinc in a
phosphate inhibitor, 7. 8 39, 41, 43-47 while others found that zinc orthophosphate offered no
additional benefit over regular orthophosphate.41. 48-52° A separate experiment was conducted to
compare the effectiveness of zinc orthophosphate versus regular orthophosphate under stagnant
conditions. New pipes were started in June 1997 and dosed with either no phosphorus,
orthophosphate (1 mg/L as P from NagPO,), or zinc orthophosphate (1 mg/L as P from
Zn3(POy)2). These pipes were maintained for 4.5 months and then sampled in triplicate with an
8-hour stagnation period. Because this experiment was a much shorter duration than the other

inhibitor experiments discussed previously, no overall weight loss determinations were made.

The zinc orthophosphate had a statistically significant effect at only two conditions,
increasing the iron by-product release in both cases (Figure 2-8). For the pH 7.2, alkalinity 45
mg/L pipe the zinc orthophosphate increased total iron release, whereas the regular
orthophosphate was no different from the pipe with no phosphorus added. InthepH 7.2,
alkalinity 300 mg/L pipe, the zinc orthophosphate also increased total iron release, but this was
the same effect as regular orthophosphate. These two water conditions also had the highest
soluble iron release, but the amount of soluble iron was indistingui shable between the three pipes

(no P, ortho-P, or zinc ortho-P).
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During this experiment, less than 30% of the phosphorus was consumed in any of the
pipes. The majority of the remaining phosphorus residual was particulate; in fact, only the pH
9.5 water had significant soluble phosphorus (25% of the total). There was no relationship
between the phosphorus residual and theiron released. For the cases where there was a
differenceiniron release (pH 7.2, akalinity 45 mg/L and pH 7.2, alkalinity 300 mg/L), there was
identical phosphorus residual in the orthophosphate versus zinc orthophosphate pipes. In
contrast, for the pipes where there was a difference in phosphorus residual, there was no
differencein total iron released.

It isinteresting to note that there was a linear relationship between the total residual zinc
and total residual phosphorus (R* = 0.935), giving arelationship of 2.4 moles of zinc per mole of
phosphorus. Thisis greater than the 1.5 moles of zinc per mole of phosphorusinitially added.
Most of the zinc and phosphorus was particulate, and the ratio of particulate zinc to particulate

phosphorus is the same (2.5), but the relationship is not as linear (R* = 0.523).

In summary, these experiments showed no benefit from adding zinc orthophosphate
compared to regular orthophosphate. In fact, addition of zinc orthophosphate actually increased
theiron concentration in two of the five water qualities tested. These results, combined with
other potential negative impacts (such asincreased zinc loading to the receiving wastewater
treatment plant), suggest that zinc orthophosphate should not be used to mitigate iron corrosion
by-product release from stagnant pipes.

CONCLUSIONS

Iron release from pipes into stagnant water is highly variable during stagnant conditions.
For this study, factors that had no smple direct relationship to total iron release include pH and
alkalinity of the water, buffer intensity, pH after stagnation, and phosphorus residual. One factor
that was important is the age of the pipes; old pipes (aged 3 years) had lower iron release than
new pipes (aged 2 — 4 weeks). Although most of the iron released to the water was particulate,
significant soluble (< 0.45-um) iron was present. Most of this soluble iron was oxidized within

four hours of leaving the pipe.
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Addition of polyphosphate or orthophosphate inhibitor was rarely beneficial for
controlling iron corrosion during long stagnation conditions. Where there was a statistically
significant effect, these inhibitors tended to increase iron concentration, scale thickness, and

overall weight loss compared to similar pipes not dosed with phosphate.

A preliminary hypothesis for the negative action of polyphosphate is that polyphosphate
leads to increased scale build-up in stagnant waters. Thisis supported by observations of
increased tuberculation and scale thickness in pipes dosed with polyphosphate, as well as
evidence of scale sloughing from pipes where the polyphosphate dosing was stopped.

Zinc orthophosphate did not have a beneficial effect compared to regular orthophosphate
or pipes with no phosphorus dosed. When it had a statistically significant effect, zinc

orthophosphate increased iron concentrations.

In general, phosphate inhibitors are not recommended for iron corrosion control under

chronically stagnant water conditions.
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Table 2-1: Water Qualities for Pipe Experiments

Water # pH Carbonate Alkalinity Typical Adjustment
(mg/L as CaCOs)

1 7.8 45 not adjusted
(Boulder tap water conditions)

2 7.2 300 add 0.006 moles NaHCOsto 20 L water,
bubble with CO, for 20 seconds

3 95 45 add 0.005 moles NaOH to 20 L water

(60 mg/L total alkalinity)
4 7.2 15 add 0.005 moles HCIO,4 to 20 L water,
bubble with CO,-free air for 10 min
5 7.2 45 bubble with CO,for 5 seconds

Table 2-2: Pipe ages during experiments.

AGE DURING SPECIFIED

EXPERIMENT EXPERIMENT
“Old” Pipes' | “New” Pipes’

72-hour stagnation 3 years 2 weeks
8-hour stagnation 3.1 years 4 weeks
51-hour stagnation 3.5 years not used
Zinc Ortho-P (8-hour stagnation) not used 4.5 months
Weight loss determination 4 years not used

"Exposure started June 1994

“Exposure started June 1997

Table 2-3: Comparison of scale build-up over four year life of pipes.

WATER QUALITY SCALE BUILD-UP (g)
Pipe With Pipewith
1 mg/L Poly-P | Poly-P stopped
pH 7.2, Alk 15 mgiL 0.200 0.150
pH 7.2, ATk 300 mg/L 0.040 0.030
pH 7.8, Alk 45 mgiL 0.140 0.060
pH 95, Alk 45 mg/L 0.310 0.120
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Figure 2-1: Total iron released during 72-hour stagnation experiments. Error bars represent
95%ile confidence intervals from triplicate sampling.
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Figure 2-5: Total iron released as afunction of residual phosphorus (measured after stagnation).
Datainclude 8-, 51-, and 72-hour stagnation, all pipe ages and water qualities.
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Figure 2-6: Percentage of total iron released as soluble (< 0.45-um). Datalabels show the
absolute concentration of solubleiron in mg/L.
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Figure 2-8: Total iron released during orthophosphate vs. zinc orthophosphate experiments, 8-

hour stagnation. Error bars represent 95%ile confidence intervals from triplicate sampling.
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