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Abstract

Nanoscale studies at the early stages of the exposure
of copper surfaces after systematic treatments in
synthesized water solutions can provide useful
information about corrosion processes. The corro-
sion and passivation of copper surfaces as influenced
by pH, dissolved inorganic carbon (DIC) and poly-
phosphate levels were investigated with nanoscale
resolution, to gain insight about changes in surface
morphology and the composition of adsorbates.
Information regarding the surface morphology after
chemical treatment was provided by atomic force
microscopy (AFM) and the corresponding chemical
composition of treated surfaces was obtained with
near-edge X-ray absorption fine structure
(NEXAFS). Changes in the surface topography of
copper samples were readily detected within only 6
to 24 hours of exposure to water solutions. Topo-
graphic views of surface changes are presented to
compare the growth of adsorbate layers that take
place during the evolution of mineral deposits. Slight
changes in the pH and concentrations of phosphates
in the water samples have a substantial impact on
the rate of growth and composition of surface
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deposits. These studies provide insight on the mecha-
nisms and resulting chemical constituents that lead
to surface passivation or corrosion of copper,
simulating conditions that occur in water distri-
bution systems.

Keywords: copper; corrosion; AFM; NEXAFS;
polyphosphates; dissolved inorganic carbon.

1. Introduction

The degradation of metal pipelines in water distribution
systems caused by corrosion is a valuable research focus
for efforts to minimize corrosion and reduce the release
of deleterious metals into drinking water. The mecha-
nisms of aqueous corrosion of copper as impacted by
various combinations of anions such as chloride, sulfate,
bicarbonate, silicate, phosphate and calcium have not
been thoroughly investigated, particularly at the
nanoscale. Studies of the early stages of water corrosion
occurring for a copper surface (< 24 h), as specifically
influenced by changing pH, ions and orthophosphate
levels will provide insight towards developing water
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treatment chemistries which minimize the corrosive
effects of water on metal distribution systems.

Copper originates naturally in rock, soil, water,
sediment, and air, and is commonly used for water pipes
in household plumbing. Corrosion of metal plumbing in
water distribution pipelines, valves, and fixtures leads to
the release of copper ions into water samples and
produces deposits of mineral by-products on the interior
walls of metal pipes. Corrosion can be detrimental to the
quality of public drinking water, by releasing metals
such as copper into water. Though a small amount of
copper is required by the human body as an essential
nutrient, long-term exposure to elevated levels of copper
in drinking water may cause serious health problems.'
Ingestion of high levels of copper have been shown to
cause acute effects of gastrointestinal disturbance,
whereas drinking water containing elevated levels of
copper over many years may cause chronic damage to
the liver or kidneys. In 1991, the United States
Environmental Protection Agency (USEPA) published
the Lead and Copper Rule in the National Primary
Drinking Water Regulations (also referred to as the LCR
or 1991 Rule). These regulations require that lead and
copper levels in drinking water be minimized in public
water utilities. For copper, an action level of 1.3 mg/L
was established for water samples standing for more
than six hours.

Orthophosphate and increased concentrations of
dissolved inorganic carbon (DIC) in water samples were
found to prevent the initiation of localized corrosion.’
Pitting corrosion of copper piping occurred in specific
water conditions with low chlorine concentrations and
DIC concentrations of 5 and 10 mg/L. Phosphorous
compounds often are used to inhibit corrosion and to
protect metal surfaces.”” Phosphates inhibit copper
corrosion by producing a passivating film or protective
scale layer on surfaces.*” Orthophosphate and hexa-
metaphosphate have been shown to reduce the soluble
copper release from corrosion by-products.'” Amino-
phosphonic acid has also been shown to inhibit
corrosion of iron surfaces.''

Atomic force microscopy (AFM) has previously been
applied for corrosion studies to gain insight on local
changes of metal surfaces. For example, in situ studies
of corrosion inhibitors were investigated for different
media using AFM.'*'® Surface studies with AFM have
been used to investigate corrosion of materials such as
copper,®'"?" steel,>"* iron”** and silver.”> Studies with
AFM provide 3D topographic information for a wide
range of surface materials with micron to nanometer
resolution. High resolution AFM provides sensitive
measurements for systematically investigating changes,
enabling one to control a wide range of experimental
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parameters for surface treatments. Near-edge X-ray
absorption fine structure (NEXAFS) has been used to
evaluate the oxidation state of copper surfaces, for
example, to differentiate CuO and Cu,0.° The
evolution of oxides can be sensitively detected using
NEXAFS for complementary information of samples
treated with various water chemistries.

Reproducible experiments should be designed to
evaluate the effects of drinking water chemistries on the
corrosion of copper pipes. Corrosion of copper surfaces
by water is a process that involves multiple
parameters.”’>! Previously, we studied the effects of
phosphates as a function of pH for mitigating the
corrosion of copper.® Essentially, the previous report
provides control experiments as a baseline for designing
further studies of different water parameters. In the new
studies to be disclosed in this article, we have designed
experiments to study the effects of pH and
polyphosphate levels combined with much higher levels
of DIC. Treated surfaces were examined using analyses
with AFM and NEXAFS to obtain details of the
mechanisms of corrosion and passivation of copper
surfaces. Differences in the structure and morphology of
copper samples were readily observed within 6 to 24
hours of exposure to water of designed chemical
composition which mimic drinking water supplies. At
different pH levels, substantial differences in mor-
phology were observed at the nanoscale, for surfaces
treated within the normal pH range and ion levels of
common tap water. Moreover, changes for the near-
surface chemical composition after 24 hour exposure
were obtained with NEXAFS spectroscopy. Water
chemistry parameters were selected to simulate
conditions for the typical range of values for drinking
water.

2. Materials and Methods
2.1 Surface preparation.

Scanning probe studies require surfaces which are clean
and relatively smooth for viewing small changes. The
samples used in these experiments were pure copper
(99.9%) cut into 1x1 in® square pieces. To remove
surface contaminants, copper samples were cleaned by
sonication for 5 minutes in 0.5% detergent solution
(Triton X-100, Curtis Matheson Scientific, Inc.,
Houston, TX). Next, the samples were cleaned in an
ultrasonic bath for 5 minutes with deionized water
(Milli-Q, 18 megohm). After sonication, the copper
surfaces were rinsed in acetone and dried in air. The
copper samples were not polished or subjected to
extensive chemical cleaning procedures so as to mimic
the conditions of the surface of natural copper pipe
materials.
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2.2 Water sample preparation.

The water conditions used for these experiments are
summarized in Table 1. The pH of the solutions was
controlled with an automated titration system using
hydrochloric acid and sodium hydroxide (Fisher
Scientific). Reagents added to the solutions were sodium
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bicarbonate, sodium sulfate, sodium chloride, sodium
hypochlorite (Fisher Scientific), and sodium hexameta-
phosphate (Mallinckrodt Chemicals). Initial concentra-
tions were verified using inductively coupled plasma
atomic emission spectrophotometry.

Table 1. Water conditions for copper sample immersion.

Sample pH DIC Sulfate  Chloride Chlorine Hexametaphosphate
(mgl)  (mgl) (mgry ML (mgl)

1 9 100 120 60 3 0

2 6.5 100 120 60 3 0

3 9 10 120 60 3 6

4 6.5 10 120 60 3 6

2.3 Experimental Setup.

Copper samples were immersed in 1 L of water sample
by suspension with a nylon string. The solutions were
stirred at a slow rate and covered with parafilm to
simulate low flow conditions in a water pipe. After
either 6 or 24 h immersion, the samples were removed
and dried in air for analysis using AFM. Thereafter,
NEXAFS spectra were subsequently acquired after 24 h
of immersion.

2.4 Atomic force microscopy.

An Agilent 5500 scanning probe microscope equipped
with Picoscan v5.4 software (Agilent Technologies,
Tempe, AZ) was used for AFM studies. Digital images
were processed using Gwyddion (version 2.9) open
source software, which is freely available on the Internet
and supported by the Czech Metrology Institute.”
Images were acquired in ambient conditions using
tapping mode. Probes were obtained from Nanosensors
(Neuchatel, Switzerland), and had average resonance
frequencies ranging from 155 — 170 kHz.

2.5 Near-edge X-ray absorption fine structure.

Measurements with NEXAFS were performed at the
Center for Advanced Microstructures and Devices
(CAMD) synchrotron’s variable-line-space  plane-
grating-monochromator (VLSPGM) beamline.*> The
tunable incident radiation, with a resolution of better
than 0.2 eV at the copper L-edge, is focused onto the
samples located in a UHV chamber. The photon energy
scale was calibrated with copper standard samples (CuO
and Cu). The incident beam intensity was concurrently
monitored by a gold mesh placed in the incident beam
before the sample. The measured sample spectrum I,
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(total electron yield mode) was normalized by the total
electron yield of the gold mesh. Reproducibility of the
spectra was carefully monitored and verified by multiple
scanning, typically four times. NEXAFS spectra were
acquired at room temperature at both the oxygen K-edge
and the copper L-edge regions.

3. Results

Studies of the ecarly stages of water corrosion, as
specifically influenced by selected parameters of pH,
anions and orthophosphate levels were accomplished by
immersing cleaned pieces of copper in various water
samples for either 6 or 24 h. After samples were
removed and dried, AFM images were used to directly
visualize the nucleation and growth of metal deposits,
corrosion by-products or the formation of pits.
Topographic views of samples that were prepared under
controlled aqueous conditions provide insight for the
role of pH and water parameters for the passivation or
corrosion events which take place at the onset of copper
corrosion. Thereafter, NEXAFS data was acquired on
the 24 h immersion samples to qualitatively determine
the near-surface chemical compositions.

3.1 Cleaned copper sample before immersion in
water.

A control sample of untreated copper was characterized
to provide a frame of reference for surface changes.
Topographic AFM images were acquired for a cleaned
copper sample without water immersion as shown in
Figure 1. Vertical grooves or scratches aligned in a
vertical direction are shown in the successive zoom-in
views of Figures 1A to 1C, which measure different
depths ranging from 1 to 15 nm. The grooves are spaced
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at variable intervals, spanning distances from 1 to
several microns. There are also small pits and scars
scattered randomly throughout the sample surface,
which contribute to a moderately rough surface from the
nanoscale perspective. All of the AFM images acquired
for subsequent samples in this report were oriented to
view a similar vertical direction, to enable convenient
comparison. Multiple areas of the samples were
analyzed, and the views shown in Figure 1 are

264 nm 0 nm

108 nm 0 nm
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representative of the morphology for areas throughout
the entire copper surface. The image of Figure 1C is
slightly distorted by digital noise because it was
acquired at the lower limit of the 100 micron range of
the wide area scanner. The RMS roughness for a
selected small region of Figure 1C measures 2.4 nm,
which is comparable to previous reports of surface
roughness for copper surfaces.”*
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Figure 1. Surface views of a copper reference sample that was cleaned by sonication. Tapping mode topographs for
areas of (A) 40x40 umz; (B) 12x12 umz; (O) 1x1 um2 electronic noise causes the diagonal line patterns; (D) cursor

profile for the line in C.

3.2 Effects of high carbonate alkalinity at pH 6.5
versus 9.

Dissolved inorganic carbon represents the sum of
inorganic carbon species and includes contributions of
carbon dioxide, carbonic acid, bicarbonate and
carbonate anions. Most of the total alkalinity of natural
waters result from the carbonate alkalinity of DIC. Since
natural and drinking waters have at least minimal levels
of DIC, it would not be practical to test samples in water
without DIC present. Therefore, our experiments were
designed to have at least 10 mg/L DIC as a baseline
reference. In previous reports, alkalinity has been shown
to mitigate the corrosive effects of water and protect
copper surfaces.” For a direct assessment of the effects
of high alkalinity on copper surfaces, water sample 1
was prepared at pH 9 with a relatively high DIC level of
100 mg/L. Successive zoom views of the copper surface
after 6 and 24 h at high alkalinity are presented in
Figure 2, in which the DIC originated from dissolved
sodium bicarbonate. The top row (Figures 2A-2D)
shows the surface changes after immersion for 6 h, and
the bottom row (Figures 2E-H) shows the changes in
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topography after 24 h. The images disclose scattered
arrangements of round protrusions or clusters of
carbonate by-products, formed at the surface-liquid
interface. There was no evidence of pits or holes being
formed within this time frame, and successive magnified
views of Figures 2B and 2C reveal that the entire
surface is covered with regular sized clusters ranging
from 25 to 63 nm. A representative line profile in
Figure 2D indicates the heights for two large adsorbates
measure 48 and 55 nm. The overall roughness of the
sample has increased; the area in Figure 2C evidenced
an RMS roughness measuring 13 nm.

After 24 h immersion in water sample 1, the surfaces
display similar morphologies of random protrusions of
carbonate clusters, however at higher density. A few
larger clusters have attached to the surface, exhibiting
heights ranging from 48 to 135 nm. The taller
adsorbates are actually aggregates of smaller clusters, as
revealed in the zoom-in AFM views of Figures 2F and
2G. A representative cursor profile across Figure 2G
shows that the heights of the surface protrusions have
increased in size, in comparison to Figure 2C.
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Figure 2. Copper surface after immersion in water sample 1 at pH 9 with 100 mg/L. DIC. Successive magnified
views after 6 h for (A) 20x20 pum?; (B) 10x10 pm?; (C) 5x5 um?* (D) line profile for C. Changes after 24 h for
areas of (E) 20x20 pm?; (F) 10x10 pm?; (G) 5x5 um?; (H) line profile for G.
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Figure 3. Surface changes of copper substrate after immersion in water sample 2 at pH 6.5 and 100 mg/L DIC.
AFM topographs after immersion for 6 h for areas of (A) 30x30 um?* (B) 20x20 pm?; (C) 10x10 pm?; (D) line
profile for C. Similarly prepared sample after 24 h immersion for areas of (E) 40x40 p.mz; (F) 20x20 pmz; (G)
10x10 um?; (H) line profile for G.
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Water sample 2 was prepared to match the ion
composition of sample 1; however, the pH was adjusted
to 6.5 to enable a direct comparison of pH effects for
copper surfaces exposed to high DIC levels. There are
considerable differences in surface morphology after
immersion in water sample 2, as shown in the AFM
topographs of Figure 3. The upper row (Figures 3A-D)
displays results for a sample that was immersed for 6 h
in water sample 2, and the second row (Figures 3E-H)
shows the changes after 24 h immersion. Large, angular
crystalline nanostructures are evident for the sample
prepared at pH 6.5. The large crystals shown in the
upper row of images have heights ranging from 432 to
723 nm, and cover approximately 20% of the surface.
The RMS roughness has increased to 164 nm. The
facets and angular morphology of the crystals can be
readily recognized as salt crystals resulting from the
precipitation of sodium salts at lower pH.

After 24 h immersion in water sample 2, the surface
coverage and density of crystals has increased in
comparison to the 6 h sample. The heights of the
structures range from 210 to 580 nm and the surface
coverage has increased to approximately 56% of the
total area. The RMS roughness of the 24 h sample
measured 166 nm.

3.3 Surface changes with addition of hexameta-
phosphate at pH 6.5 and 9.

When hexametaphosphate was added to the synthetic
water samples, at a lower alkalinity level of 10 mg/L
DIC, considerably different morphologies were
observed for the copper surfaces. Figure 4 displays
images of the morphology changes for a copper surface
immersed in water sample 3 (pH 9, 6 mg/L
hexametaphosphate, 10 mg/L DIC). The top row
(Figures 4A-B) shows a sample that was immersed for
6 h in water sample 3, and the bottom row of images
(Figures 4D-E) has views of a sample immersed for 24
h. After 6 h of sample immersion, round plateau-like
features become apparent in Figure 4A; however, these
structures appear to be protrusions that are integrated
within the surface and are derived from the copper
landscape. The lateral dimensions of the round plateaus
measure as large as 0.72 to 1.25 pum in size. The
protrusions do not appear to be attached to the surface,
rather, a predominant surface coverage of pits and
valleys have become evident in the zoom-in views of
Figure 4B. The small pits in this image have depths of
18 to 50 nm. The surface morphologies reveal the onset
of changes attributable to pitting corrosion. The RMS
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roughness for the topograph of Figure 4B measures 11
nm.

After 24 h immersion in water sample 3, the pitting
became more predominant and clearly apparent
throughout areas of the surface (Figure 4D and 4E).
Instead of the relatively smooth, continuously flat
surface of the control sample in Figure 1 (RMS
roughness measured 2.4 nm), the surface areas show a
high density of multiple pits and valleys have formed.
There is no evidence of loosely attached adsorbates or
deposits formed for these water conditions, rather the
surface exhibits the shapes of valleys and protrusions
throughout the sample areas. The evidence of pitting is
especially visible in Figure 4D when placed side-by-
side with a comparable area of the control sample of
Figure 1B. The line profile of Figure 4F indicates the
overall surface corrugation. The roughness after 24 h
measured 15 nm for the surface immersed in water
sample 3.

The effects of hexametaphosphate for treating a
copper surface at pH 6.5 (6 mg/L hexametaphosphate,
10 mg/L DIC) are shown in the AFM images of Figure
5. The upper images (Figures 5A and 5B) display
changes for a sample immersed in water sample 4 for 6
h and the bottom row (Figures SD and SE) presents
views for a sample immersed under the same conditions
for 24 h. After 6 h immersion, the surface displays both
the appearance of surface deposits as well as an increase
in pitting corrosion. Round adsorbates of various sizes
and shapes have formed throughout areas of the copper
surface. Pitting is also evident for the zoom-in view of
Figure 5B, evidencing a continuous coverage of the
surface with small pits that are 20-40 nm deep. The
globular nanostructures measure 25 to 60 nm in
dimension, and the overall RMS roughness measured 14
nm for the area framed in Figure 5B.

A different surface morphology is evident after
immersion in water sample 4 for 24 h. The smooth
globular shapes have been replaced with compact
clusters of aggregated nanoparticles, as well as an
increase in depth and density for pinhole pits (Figure
5D). The surface changes result from the interplay of
corrosive etching and the adsorption of nanoparticle
deposits. From the zoom-in view presented in Figure
S5E, there are many aggregated clusters of small
adsorbates attached at the sites of grooves and crevices
on the surface. The clusters of nanoparticles measure
from 15 to 71 nm in height, and the RMS roughness
increased to 22 nm (Figure 5E).
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Figure 4. Copper surface after immersion in water sample 3 at pH 9 with 6 mg/L hexametaphosphate and 10 mg/L
DIC. Surface views after 6 h for areas of (A) 11x11 pm?; (B) 5x5 pm?; (C) line profile for B. After 24 h of
immersion: (D) 11x11 pm?; (E) 5x5 um?; (F) line profile for E.
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Figure 5. Changes of copper surface after immersion in water sample 4 at pH 6.5 with addition of 6 mg/L
hexametaphosphate and 10 mg/L DIC. Surface changes after 6 h for (A) 10x10 pm?; (B) 5x5 um?; (C) line profile
for B. After 24 h of exposure, areas are shown for (D) 18x18 pm?; (E) 5.6x5.6 pm?; (F) line profile for E.
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3.4 Identification of chemical composition of copper
solids with NEXAFS.

Total electron yield NEXAFS data probes the
chemical composition within the near surface region (<
10 — 20 nm). Subtle differences in copper chemical
species between the clean and treated samples are
shown in Figure 6. As a reference, Figure 6F shows a
spectrum of the CuO standard characterized by two
relatively intense features at 931 and 951 eV. The peaks
arise from the dipole transitions of the Cu 2p;,, (Lyj;) and
Cu 2py), (Ly) into the empty d-states. The smaller peak
around 940 eV is a shake-up (multielectron excitation)
satellite. Similarly, the as-prepared clean copper sample,
corresponding to Figure 1, shows intense features at
934 and 954 eV, indicating Cu(0) and/or Cu(I). The
width of this peak is larger than in situ sputtered pure
Cu, indicating some degree of surface chemistry (e.g.
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Figure 6. Total electron yield NEXAFS spectra of the
different treated samples in the energy range of the Cu
L,; absorption edge: (A) clean copper surface. Changes
of copper surface after immersion in water for 24 h at
(B) pH 9 with 100 mg/L DIC (sample 1); (C) pH 6.5
with 100 mg/L DIC (sample 2); (D) pH 9 with 6 mg/L
polyphosphate (sample 3); and (E) pH 6.5 with 6 mg/L
polyphosphate (sample 4); (F) CuO standard (dotted
line).
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oxide) within the near surface. As opposed to CuO in
partially filled d’ configuration, the edge structure
indicates the copper is in a filled d'* configuration. The
spectrum in Figure 7A, which covers the oxygen K-
edge region, is indicative of a small amount of Cu,O or
oxygen impurity oxygen-containing complex on the
clean copper sample. As a reference, Figure 7F shows
the corresponding oxygen K-edge structure of a CuO
standard with multiple features at 530, 534, and 539 eV
(the first peak is assigned to a 1s — 3e, transition,
wherein the latter originates from the O 2p and partially
filled Cu(Il) 3d states). Our clean copper sample shows
an absence of these features. Thus, based on both Cu L-
edge and oxygen K-edge spectra, the as prepared copper
is relatively clean and agrees well with the results shown
by AFM.

A

-
530 540 550
Incident Photon Energy (%)

Figure 7. Total electron yield NEXAFS spectra of
treated samples in the energy range of the oxygen K
absorption edge: (A) clean copper surface. Changes of
copper surface after immersion in water for 24 h at (B)
pH 9 with 100 mg/L DIC (sample 1), (C) pH 6.5 with
100 mg/L DIC (sample 2); (D) pH 9 with 6 mg/L
polyphosphate (sample 3); and (E) pH 6.5 with 6 mg/L
polyphosphate (sample 4); (F) CuO standard (dotted
line).
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The NEXAFS spectra from copper surfaces after
immersion in water at pH 9 (sample 1) and pH 6.5
(sample 2) with 100 mg/L DIC show distinct differences
compared to the clean copper sample. Figures 6(B) and
6(C) (corresponding to Figures 7(B) and 7(C)) show Cu
L-edge [O K-edge] spectra correspond to sample 1
(Figure 2) and sample 2 (Figure 3), respectively. As
observed in Figures 7 (B) and (C), there is little change
in the O K-edge spectra. Most notably, there is an
apparent lack of CuO formation on the surface
(compared with Figure 7(F)). For the high carbonate
alkalinity of DIC (pH 9) of sample 1, the Cu L-edge
structure shows a broadening of both Lj; and Ly
absorption edges. The clean Cu peak (Figure 6 (B)) at
934 eV has split into multiple peaks (~930-935). For the
pH 6.5 sample (Figure 6 (C); sample 2), NEXAFS
show a similar, but slightly decreased broadening of the
Cu edge. Comparing these results with the changes
shown by AFM, it is apparent that the increased
carbonates are forming surface Cu-complexes without
oxidizing further (Cu or Cu;0 — CuO). Based on the
increased RMS roughness in sample 3 due to precipi-
tation of sodium salts at lower pH, the decrease in the
copper absorption width may indicate a partial
passivation, and corresponding decrease in the
formation of Cu-complexes of the sample surface.

Finally, NEXAFS spectra from copper surfaces after
immersion in water at pH 9 (sample 1) and pH 6.5
(sample 2) with 6 mg/L hexametaphosphate show only
small differences compared to the clean copper sample.
Figure 6(D) and 6(E) [corresponding with Figure 7(D)
and 7(E)] show Cu L-edge [O K-edge] spectra for
treated sample 3 (Figure 4) and sample 4 (Figure 5),
respectively. As evidenced in Figure 7(D) and 7(E),
again there are small changes in the O K-edge spectra,
including an apparent lack of CuO formation on the
surface as above for the high DIC samples. Moreover,
except for a small broadening, the Cu L-edge structure
is almost identical for L and L;; absorption edges of the
clean copper sample. This indicates that despite the
phosphate treatment of the surfaces both at pH 9
(sample 3) and pH 6.5 (sample 4) the chemical composi-
tion of the Cu bulk and interface remains the same,
compared to the original clean copper sample. Based on
AFM results which revealed the formation of aggregated
clusters of small adsorbates and corres-ponding RMS
roughness, the NEXAFS results of the same samples
indicate that the adsorbates are not Cu-related
complexes. Rather, the underlying copper remains
chemically intact.
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4. Discussion

Side-by-side comparisons of the AFM images of various
surface treatments at different immersion intervals
provide new insight on the role of polyphosphates, DIC
and pH in surface passivation or corrosion. As a frame
of reference, the untreated surface of Figure 1 can be
compared to each of the sets of AFM images, furnishing
a baseline of the expected surface morphology for
untreated copper. Evidence of an increase in pitting was
not observed for surfaces treated with water samples 1
(pH 9) and 2 (pH 6.5), with the addition of 100 mg/L
DIC, thus increased alkalinity from bicarbonate was
demonstrated to inhibit corrosion of copper in agree-
ment with previous reports.” The AFM images in
Figures 2 and 3 display the surface deposits of different
chemical nature; however, there was no clear evidence
of an increase in the density of surface pits due to
corrosion. The characteristic facets and angular
morphology of the crystals viewed in Figure 3 can be
attributed to the precipitation of salt crystals.

Changes due to corrosion were observed for the
surfaces of copper with lower levels of DIC, even with
the addition of hexametaphosphate, as disclosed in the
AFM images of Figures 4 and 5. Changes attributable
to corrosive pitting were more readily apparent and
advanced at pH 9 than was observed for surfaces treated
at pH 6.5. An interchange between particulate deposi-
tion and corrosive pitting was evident for surfaces
treated with water at pH 6.5 (sample 4). With addition
of high levels of DIC, consistent trends for surface
deposits were observed as a function of pH and
phosphate levels as previously reported,® however the
morphology, thickness and composition of deposits
showed subtle yet detectable differences at the nano-
scale.

The NEXAFS results indicate that there is a lack of
CuO formation in all of the 24 h samples; only small
amounts of Cu,O were observed. Previous reports show
that a stable layer of cuprous oxide is formed after
immersion intervals of 60 days or longer.>' Whereas the
addition of DIC resulted in formation of some Cu-
complexes at the surface, the addition of hexameta-
phosphate left the copper surface relatively unchanged
compared to the clean copper sample. However,
understanding the details of the chemical composition of
the surface adsorbates through other characterizations
may provide a clearer picture of the nature and
mechanism of copper corrosion as well as the routes for
producing passivating surface layers of mineral deposits.
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5. Conclusions

Considering the complex interactions at the surface-
liquid interface of copper for various pH and water
treatment conditions, further research remains to be
addressed. By judiciously choosing certain concen-
trations of DIC and polyphosphates for these initial
investigations, rich information about the evolution of
surface structures can be gained by studies with incre-
mental changes in pH, solution concentration and
immersion intervals. This report furnishes a practical
framework for selecting experimental parameters which
markedly influence the surface changes that occur
during water corrosion of copper. By combining
approaches for qualitative and quantitative surface
characterrizations, including both AFM and NEXAFS, a
predictive molecular-level model may be developed for
understanding the interplay between anions, salts,
organic agents, DIC and pH for corrosion processes.
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