


Mann stressed that it is much easier for protective layers to form in flowing, fresh aerated water. Cuprosolvency,
as well as the formation of poorly protective, loosely adherent layers, are much more likely under conditions of
stagnant water. This is particularly prevalent in the early period after installation of the copper piping.

Schock, Lytle and Clement? performed a detailed study of the effect of pH, dissolved inorganic carbon (DIC),
orthophosphate, and sulfate on cuprosolvency of drinking water. They developed a solubility model for copper
in drinking water, which is both qualitatively and quantitatively consistent with the available data for copper
dissolution and precipitation. They found that the concentration of Cu (1) ion is dominated by Cu,O(s) or CUOH(S)
solid phases, plus soluble agueous ammonia and chloride complexes. In relatively new copper piping systems,
the concentration of Cu(ll) ion is primarily controlled by Cu(OH)x(s) (cupric hydroxide), rather than CuO(s)
(tenorite) or Cuz(OH).COs3(s) (malachite). They also found that the complexation of Cu (ll) ion by DIC and
hydroxide ion is extremely important.

Experimentally, Schock, Lytle and Clement found that increases in DIC (a parameter which is not exactly the
same as alkalinity, but is related) are shown to cause significant increases in copper solubility in the pH range of
7 to 10. Water utilities must often trade off increasing cuprosolvency by DIC addition to ensure adequate
buffering intensity in the finished water. A sufficient dosage of orthophosphate in the pH range of 6.5 to 7.5 may
reduce cuprosolvency. Sulfate may assist in controlling cuprosolvency under some chemical conditions, or it
may interfere with the formation of cupric hydroxide films under mildly alkaline conditions. Dissolved oxygen and
residual chlorine play complicated roles in determining copper concentrations after various standing times.
Typically, a 48 to 72-hour standing time is required to achieve equilibrium copper levels in disinfected water
systems.

CASE STUDIES OF CAUSES AND EFFECTS OF CUPROSOLVENCY
Case Study 11 Copper Pipe Wall Thinning Throughout a University Campus

A comprehensive investigation was undertaken into the causes of accelerated failure of copper pipes throughout
a Midwestern university campus. The university was served by a small, local municipal water treatment plant
(WTP), whose records showed there to be nothing unusual or alarming about the water quality, except for very
high alkalinity. The main issue plaguing the university was the high frequency of very premature copper pipe
failures, resulting from a combination of excessive wall thickness and localized pitting at pipe junctions. The
problem largely affected newer installed piping in recirculating hot water systems in large academic and
residential buildings, manifesting as frequent leaks and requiring countless pipe replacements. Cuprosolvency-
related problems were also reported at distal locations within the municipal water service district.

Water sampling and testing was a critical part of the overall project scope. Selected results (from among many
samples analyzed) are listed in Table 1. Those analytes believed to have an effect on cuprosolvency were of
greater focus, and three of the most relevant are pH, alkalinity and orthophosphate:

1) pH is a very important factor with respect to copper corrosion and cuprosolvency, but by no means the
only major factor. The pH of the local water was mid-range.

2) Total Alkalinity is commonly believed to be protective to copper, when in the general range of 50-100
mg/L (as CaCOs). When far above that range, there is strong evidence that alkalinity actually promotes
cuprosolvency. The municipal water was extremely high in total alkalinity, approaching 300 mg/L as
CaCO:s.

3) Orthophosphate is an important WTP additive in mitigating copperuptake i nt o t he wat er \
plumbing systems. Orthophosphates must be distinguished from polyphosphates i which are essentially
polymers of orthophosphate i because the two forms of phosphate serve very different functions. With
respect to mitigating cuprosolvency and general copper corrosion, the orthophosphate form is the



important version. There was an early suspicion that the orthophosphate levels may need to be higher
in order to more effectively protect copper in high alkalinity water

Table 1
Representative Water Analyses from Cuprosolvency Investigation
Analyte On—Campqs Buil_ding: Water Treatment

Hot Recirculating Plant
Total Hardness as CaCOs, ppm 169 131
Calcium as CaCOg;, ppm 110 84
Magnesium as CaCO;, ppm 59 48
Ammonia as NH3, ppm <0.01 <0.01
Potassium as K, ppm 1.12 1.12
Sodium as Na, ppm 106 103
Conductivity, micro-Siemens/cm (uS/cm) 833 828
Total Iron as Fe, ppm 0.03 0.04
Total Copper as Cu, ppm 0.36 0.01
Total Zinc as Zn, ppm 0.01 <0.01
Total Manganese as Mn, ppm <0.01 <0.01
Phenolphthalein Alkalinity as CaCO3, ppm 0 0
Total Alkalinity as CaCOs, ppm 260 270
Chloride as CI, ppm 42 40
Fluoride as F, ppm 0.66 0.38
Ortho Phosphate as PO, ppm 0.92 0.84
Total Phosphate as PO,, ppm 0.92 1.08
Silica as SiO,, ppm 34 31
Sulfate as SO,, ppm 43 42
pH 7.9 7.7
Langelier Saturation Index LSI at 68°F (20°C) +0.28 -0.02

Numerous specimens of removed copper pipe exhibited varying corrosion damage morphologies. Key
exemplars were characterized and subjected to forensic laboratory analysis. The analyses included
metallographic examination of pipe samples, scanning electron microscopy in combination with energy
dispersive spectrometric analysis (SEM/EDS), and x-ray diffraction (XRD). The study involved the
aforementioned chemical analysis of water samples obtained from the underground storage tank feeding the
campus, from taps around campus and beyond, and the WTP. The laboratory phase included corrosion testing
of copper exposed to the subject water with and without additional chemical modification, and also to the
| a b or anoderatg-allalinity tap water after adjustment to very high pH.

Figure 1 shows the visual results of the immersion testing of copper mesh. Admittedly, this kind of testing is
static in nature, not fully reflective of copper pipe aging over months and years under dynamic flow conditions,
but it did provide some useful information. The protective properties of the ultra-high pH water are evident in the
heavier and dark corrosion product that formed. The color of the copper mesh has more Informational value
than anything else. The reduced-alkalinity sample also resulted in an increased Cu,O formation. Conversely,
the untreated campus municipal water appeared to produce the least oxide surface film formation and a more
electronegative (active) potential, as measured using a half-cell reference electrode. Both properties tend to
confirm its cuprosolvent properties.
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Figure 1: Photos from immersion corrosion testing at 150°F (66°C) in various water samples over 72
hours. The copper mesh submerged in the untreated campus municipal unmodified water maintained

the brightest appearance, likely indicative of its more cuprosolvent tendency.



Laboratory testing was conducted on selected pipe and other physical samples i mainly hot water pipes, but
also including pipe joints and plumbing appurtenances i that represent various manifestations of the corrosion
damage. These problems are due to a combination of uniquely corrosive (to copper and copper-based alloys)
campus municipal water, but the study showed the important contribution of operational factors such as
excessive water flow velocity.

Figure 2 shows an extreme example of uniform wall section loss where all the protective scales have been
removed. The pipe was from a 1-inch (25 mm) split-open, domestic hot water return (DWHR) pipe section
displaying over 70% uniform wall thinning, and this piece appeared to be from a solder connection.

Figures 3 and 4 show two other observed conditions, whereby localized, axially-oriented banding occurred. The
bands were surrounded by the protective copper oxide layer that remained intact, at least when the pipe was
removed from service. The image in Figure 3 shows the internal surface of a 1¥2-inch (38 mm) DHW copper
pipe which exhibited two perfectly straight and continuous bands. The silica-containing outermost scale has
been eroded away and has thus exposed the underlying copper metal to the cuprosolvent water, resulting a
significantly thinned portion of the copper pipe wall.

Figure 4 shows another instance of axially-oriented damage, but where the pitted areas are not fully continuous.
This particularly insidious damage is not inconsistent with some influence of gaseous cavitation mechanism.
This proposed mechanism involves the release of dissolved carbon dioxide (CO2) from the hot water, often a
result of low-pressure zones in turbulence-creating geometry changes. This release of gas pockets from very
hot water, at temperature required for robust recirculating systems, can create localized cavitation impacts that
manifest as smooth eroded features of linear or crater-like forms. Both are the result of mechanical removal of
the surrounding, protective outer layers. This theory was strongly supported by actual, measured concentrations
of dissolved carbon dioxide in the campus water. Based on graphical data plots, the CO, concentrations were
definitely over-saturatedwi t h r espect ttempérdivee, anchtotad alkélinity.p H,

Figure 5 shows the damage caused by changes in geometry within the piping system. In this case it was a
welded or brazed joint with burred sharp edges and gaps. Non-uniform joint fit-up can also be a factor creating
non-laminar flow. Discontinuities like this can create flow disturbances that cause deleterious turbulence and
localized corrosion pitting within the joint, ultimately resulting in leaks. Another feature found during SEM
microscopic examination of this sample was indicative of gaseous cavitation i refer to the scanning electron
micrograph taken from within a pitted area adjacent to the joint, showing uniquely smooth rounded features.

The water flow velocity in a copper tube must be kept within certain limits to avoid erosion, corrosion and
excessive noise generation, and temperature begins to play an important role above 120°F (49°C). The increase
in average hot water recirculating temperatures over the past number of years 1 dictated by government
requirements for sanitary / hygiene reasons i more than likely has introduced a risk factor that contributed to a
significant degree to the high rate of copper pipe failures at this university. The goal in each case must be to
achieve a flow velocity in the return line appropriate to the water temperature. For 140°F (60°C), that would be
under 2 feet per second (0.61 meter per second), with due consideration to the aforementioned geometry
changes and discontinuities. Figure 6 shows data obtained using an ultrasonic flowmeter on a 1-inch (25 mm)
Type L pipe run. Disturbingly, the digital display from the nearby recirculating pump was reading 4 GPM (18
liters per minute), which is nearly 40% lower than the measured flow rate.

In summary, this study identified major contributors to pervasive corrosion failure of copper piping. The primary
cause is water chemistry that is highly cuprosolvent, i.e., conducive to dissolving copper from the interior pipe
surface into the water. The cuprosolvency is regularly reflected in elevated copper concentrations in water even
further out in the district, although the levels were almost all below the potable limit of 1.3 mg/L (ppm) as per
Safe Drinking Water Act (SDWA) guidance for secondary contaminants. The chemical makeup of the local
municipal water that makes it so cuprosolvent is based on an adverse combination of high alkalinity and
moderate-to-low pH.



Figure 2: Image of 1-inch (25 mm) DWHR (Domestic Hot Water Return) pipe section after longitudinal
sectioning. This piece of pipe exhibited over 70% uniform wall thinning. Note flow-induced
fihorseshoeo pit features shown in yellow boxes. Theopen ends of t héaceihor ses

downstream; meaning that the direction of water flow is from right to left in this photo.

Figure 3: Image of 1%-inch (38 mm) Domestic Hot Water (DHW) copper pipe section from campus
housing. Micrometer measurements show thickness loss of approximately 10% below the nominal
Type L thickness 0.060-inch +/- 0.006-inch; (1.5 mm +/- 0.15 mm) and greater than 30% thickness loss
in the banded grooved areas 1 there were two %2-inch (13 mm) wide axial bands located approximately
90 degrees apart. Several flow-induced pits are indicated by green arrows.
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Figure 5: Photos of 1%2-inch (38 mm) brazed tee pipe joint.






