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The composition of the surface layers has been investigated on copper, zinc and brass in contact with
moderately hard, highly carbonated and chloride rich artificial tap water (ATW). Cyclic voltammetry,
reflectance spectroscopy, X-ray diffraction, Raman spectroscopy and X-ray photoelectron spectroscopy
have been used to identify the changes in composition that result from the incorporation of sodium
orthophosphate to ATW. The results showed that when PO4>- is added, the film changes its composition
and it also becomes thinner, denser and more compact. On copper, the presence of CuO in the passive

gg:;’g:g{m film can be correlated to the improvement in the corrosion behavior in the presence of phosphate ions.

Co In the case of brass, the development of a thinner, compact and less porous Zn3(PO4); layer hinders
pper . . . .. C e . . .

Zinc Cu(I) dissolution. A mechanism explaining the effect of this inhibitor is proposed, which accounts for the

Brass experimental results.

Tap water © 2011 Elsevier B.V. All rights reserved.

1. Introduction

Mar del Plata is a coastal, Argentine city (lat. S:3756 - long.
W:5735), where the drinkable water comes only from underground
resources. This water is moderately hard and highly carbonated.
Due to the marine intrusion of the coastal aquifers, the chloride
ions content is relatively high (not less than 100 mg1-1). Argentine
food-grade norms fix the upper limit for chloride ions content in
350mgl-! for drinkable water [1].

Copper and copper alloys are materials broadly used in Mar
del Plata drinking distribution systems in valves, heat exchangers,
pumps, heating components, plumbing fittings and plumbing fix-
tures. Aluminum brass is a copper alloy that incorporates zinc as
alloying element, so that the mechanical properties of these alloys
improve and the cost reduces. Furthermore, the addition of small
amounts of aluminum to brass increases the resistance to corrosion
in aqueous medium [2].

When an electrolyte allows the development of a compact oxide
layer on copper or copper alloys, the metallic surface is protected
against general corrosion. However, under these conditions pitting
corrosion could be a serious risk when chloride ions are present. In
slightly alkaline solutions, brasses present lower pitting resistance
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than copper due to the incorporation of ZnO in the passive layer
[3-6].

Sodium orthophosphate is used as corrosion inhibitor in tap
water because in low concentrations it is innocuous for human con-
sumption and has no negative impact on the environment [7]. This
corrosion inhibitor acts by minimizing copper dissolution [8-13]
and by decreasing the susceptibility to localized corrosion [14,15].
The action mechanism of this inhibitor is not clearly understood
but it has been suggested that it reduces the copper solubility
forming a cupric phosphate layer on copper [8,16]. Also, Feng
etal.,, found a synergistic inhibitory effect of tripolyphosphate com-
pounds on copper when zinc ions are present in tap water [17].
In addition, when phosphate ions are present in high concentra-
tions, a delay in the onset of the anodic dissolution process on brass
has been attributed to the development of a zinc phosphate layer
[18,19].

In previous work it has been demonstrated that the corrosion
behavior of copper and brass, when they are in contact with a solu-
tion that simulates Mar del Plata drinkable water, improves in the
presence of phosphateions [20,21]. Adecrease in the copper cupro-
solvency together with an increment in the pitting resistances,
have been related to changes in the passive films on both mate-
rials. These changes have been analyzed using in situ techniques.
The results show that when PO43~ is added as corrosion inhibitor,
the film becomes thinner, denser and more compact, changing its
composition. In the case of copper, a mechanism has been pro-
posed to explain the increment in the copper corrosion resistance,



10090

where the presence of CuO in the passive layer plays a key role
[20]. However, in the case of brass, previous results [21] were not
enough to establish the composition of the passive film after PO43~
addition.

In this work, a solution that simulates moderately hard, highly
carbonated and chloride rich drinkable water is used. This inves-
tigation presents an exhaustive study to evaluate the influence of
zinc as alloying element on the corrosion resistance of brass when
phosphate ions are present. Therefore, a comparative study of the
surface oxide films naturally formed on copper, zinc and brass in
contact with drinkable water containing phosphate ions is pre-
sented.

2. Materials and methods
2.1. Electrodes preparation

The electrodes were constructed using disc samples of spec-
troscopy grade copper (99.99%) and aluminum brass UNS 68700 (Cu
76%,Zn 22.18%, Al 1,8% and other impurities 0.02%) provided by LCL
Pty Ltd.™, Australia and with spectroscopy grade zinc (99.99%). To
carry out the experiments, metal discs with an appropriated back
contact were included in fast curing acrylic resin and mounted on
polyvinyl chloride (PVC) holders. The geometrical area exposed was
0.312 cm? for copper, 0.785 cm? for brass and 0.981 cm? for zinc.
Samples were abraded to grade 600 with emery paper and then
mirror polished with 0.05 wm alumina powder (Type B-Buehler,
Lake Bluff, USA). They were finally rinsed gently with distilled
water.

2.2. Electrolyte composition

The experiments were carried out using artificial tap water
(ATW) simulating the average composition of the drinkable
water of an Argentine coastal city. The mineral base com-
position was MgS0,4-7H,0 (40mgl-1), MgCl,-6H,0 (60mgl-1),
KNO3 (25mgl-1), CaCl,-H,O0 (110mgl-1), Nay,CO3 (470mgl-1)
and NaNO3 (20mgl-1) in distilled water; the pH was adjusted
to 7.6 with 1moll-! HCl. The final water conductivity was
1.15mScm~!. The final chloride ions concentration determined
by potentiometric titration, was 199mgl-! corresponding to
[CI-]=5.6mmoll-1. The dosage of orthophosphate tested was
10mgl-! expressed as P, which corresponds to 0.32mmoll-!
NaH,P04-H,0, using a 0.05gml~! stock solution. This phosphate
ions concentration is optimal to avoid generalized corrosion and
pitting attack on copper and brass in Mar del Plata drinkable water
[20,21].

All the experiments were carried out at room temperature
(204£2°C).

2.3. Electrochemical techniques

The cell and instrumentation employed are standard and have
been reported before [20]. All the potentials are indicated against
the saturated calomel electrode (SCE).

Copper and brass were pre-reduced at —1.15Vscg and zinc at
—1.65 Vg during 15 min before each electrochemical experiment.
This pre treatment is meant to start from a reproducible, clean
surface.

Cyclic voltammograms were recorded after bubbling N, dur-
ing 15min (deoxygenated solutions). Finally, the potential was
scanned at 10mV s~!, starting at the pre-reduction potential. The
potential sweep was reversed at a convenient potential that is indi-
cated where relevant.

After the pre-reduction treatment, passive films were grown
during 2 or 192 h at the corrosion potential (E¢orr) in the electrolyte.
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Then, the electrodes were immediately transferred to another cell
where the oxides were investigated by potentiodynamic reduc-
tions in deaerated ATW. The potential was scanned at 10mVs~! or
1mVs~!, as indicated in each case. The starting point was the pos-
itive potential where the oxide had been grown. The scan ended at
—1.15 Vscg on copper and brass, or —1.65 Vscg on zinc.

2.4. UV-visible reflectance spectroscopy

The development of the passive film was also followed in situ,
by reflectance spectroscopy. The baseline was recorded polarizing
two identical zinc electrodes with a polished surface at —1.65 Vscg.
Surface oxides were grown holding the zinc electrode at Eco for
2h. The spectroelectrochemical measurements were carried out
in aerated electrolyte, using a Shimadzu UV 160A double-beam
spectrophotometer, which was conveniently modified as described
earlier [22,23].

2.5. Ex-situ Raman spectra

Ex-situ Raman spectra were performed on the passive layers on
copper, zinc and aluminum brass. The passive layers were grown for
192 h at Ecorr. After that, the samples were withdrawn, cleaned with
de-ionizated water and dried with ethylic alcohol under nitrogen
current. Raman spectra were collected at various points (al least
five), and were observed to be reproducible.

The Raman measurements were carried out using an Invia Reflex
confocal Raman microprobe with Ar* laser of 514 nm in backscat-
tering mode, with a laser spot of 10 wm. An exposure time of 50's
and 3 accumulations were used, with 50x objective. The laser
power was 25 mW.

2.6. XRD spectroscopy

Samples of copper, zinc and aluminum brass were prepared as
described above (Section 2.5) and immediately introduced into X-
ray Diffraction (XRD) chamber. XRD was used to identify crystalline
phases of copper, zinc and brass. The surfaces of the coupons were
analyzed with a PANalytical X'Pert Pro diffractometer, Cu-Ka radi-
ation at 40kV and 40 mA. Scans were typically over the range of
5°-60° with a speed of 0.02° s~! and grazing incidence of 1°.

The crystallographic data for each phase were taken from the
literature and analyzed with X'Pert HighScore software.

2.7. XPS spectroscopy

Samples of copper and aluminum brass were prepared as
described above (Section 2.5) and immediately introduced into the
XPS chamber. The XPS spectra were performed using an XPS VG
Microtech ESCA3000 (MgKa and AlKa radiations) at an operating
pressure of 3.10-19 mbar. All XPS spectra were acquired with the
angle between the analyzer axis and the sample surface normal
set at 45°. Survey spectra were recorded for the samples in the
0-1100eV binding energy range using 1eV steps and a bandpass
of 50 eV (not shown). High resolution scans with 0.1 eV steps and
bandpass of 20 eV were conducted over the regions of interest. In
every case, surface charging effects were compensated by referenc-
ing the binding energy (BE) to the C 1s line of residual carbon set
at 284.5 eV BE [24]. The composite XPS bands were resolved using
XI SDP32 software, version 3.0.

3. Results
The use of sodium orthophosphate and its effect on the protec-

tiveness of the surface layers on brass in contact with simulated tap
water has been investigated earlier [21]. The quality of the passive
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Fig. 1. Cyclic voltammograms of zinc in deaerated ATW (—) and ATW+10mgI-! P
(-O-). Scanrate: 10mVs~1.

film improves, as it becomes less porous, thinner and denser. The
incorporation of CuO or Zn(Il) compounds to the passive layer could
be responsible for this behavior. However, to better understand the
role played by the main components in the alloy under the influ-
ence of PO43~ ions, it is necessary to investigate zinc, copper and
brass independently.

The voltammograms of pure Zn in ATW and in ATW with
inhibitor are presented in Fig. 1. In ATW, oxide growth starts at
potentials positive to —1.3 Vscg. There is a small hump (Ia) at
—1.15 Vs followed by a passive region. The electrode presents
localized corrosion at potentials positive to —0.81 Vscg. The cor-
responding cathodic peak (Ic) at —1.4Vgscg can be attributed to
Zn(11) oxo-hydroxide reduction [25,26]. In the presence of 10 mg1~!
P an anodic peak I'a is observed at —1.13 Vscg while the corre-
sponding cathodic peak is observed at —1.38 Vscg (I'c). The charge
of the cathodic peak markedly decreases when the inhibitor is
present. Localized attack is now observed at potentials higher than
—0.75 Vscg. The voltammograms of copper and brass in the same
conditions have been shown before [21].

Fig. 2 shows the potentiodynamic reduction of the layer grown
on zinc during 2 h at the Ecorr in ATW and in ATW with 10 mgl-!
P, using a scan rate of 10mVs~!. Ecor stabilizes at —1.04 +0.02
and —0.91 +£0.03 Vscg without and with the inhibitor present in
solution, respectively. In both electrolytes, the features observed
in the cyclic voltammogram remain: one cathodic peak associated
to Zn(II) oxo-hydroxide reduction. When the inhibitor is added, the
reduction charge decreases, but no new peak appears associated to
Zn3(PO4), reduction. This might be due to the higher stability of
Zn3(PO4); (pK=32) compared to ZnO or Zn(OH), (pK=16.7) [19].
Also, Zn(Il) reduction from Zn3(PO,4), may not be kinetically favored
within the range of potentials applied [17].

Differential reflectance spectroscopy combines optics and elec-
trochemistry, and can be used to follow in situ composition, as thin
corrosion films forms. The light beam penetrates between 50 and
100 atomic layers in a semi-transparent solid. So, this technique
is useful to identify changes in the surface of the films [27]. Fig. 3
presents reflectance spectra typical of zinc electrodes held at Ecorr
in ATW for 2 h. In both electrolytes, there is a peak at 260 nm that
can be ascribed to Zn(II) oxo-hydroxides [5,25,28]. The information
on how to distinguish the peaks of Zn(Il) phosphates from those of
other compounds, such as oxides, is not readily available in the bib-
liography. When 10 mgI-! P are present, the much lower intensity
of the absorption bands, together with the smaller charge associ-
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Fig. 2. Potentiodynamic reduction curves for oxides grown on zinc in ATW (=) and
ATW +10mg 1P (-O-) after 2 h at Ecorr, using a scan rate of 10mvVs-1.

ated to the oxides reduction (Figs. 2 and 3), can be correlated to
the development of a thinner layer in the presence of inhibitor.
This behavior is similar to that found on copper and brass in the
presence of PO43~ ions [20,21].

To complete the surface characterization, ex-situ techniques
were used to compare the effect of PO43~ ions on copper, zinc and
brass. To enable the development of a thicker passive layer these
films were grown to Eorr for longer times.

Fig. 4 shows the potentiodynamic reduction of the layer grown
on copper, zinc and brass during 192 h at the E¢or in ATW with
10mgl-! P. When using longer ageing times, slower scan rates
(1mVs~1) are necessary to reduce the surface films. In the case
of copper, the cathodic peak at —0.58 Vscg can be associated to CuO
reducing to Cu,0 [20]. The second peak at —0.72 Vg can be asso-
ciated to Cu;0 reducing to Cu. In the case of zinc, only a hump at
—1.5V could be observed, in agreement with the results presented
in Fig. 2. As for brass, one broad peak was observed at —0.74 Vscg,
most likely related to the reduction of Cu,0[21]. No peak associated
to the reduction of Zn(Il) oxide-hydroxides could be observed, since
hydrogen evolution starts at potentials negative to —1.2V [21].
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Fig. 3. Reflectance spectra for oxides grown on zinc in ATW (=) and
ATW +10mgl-1P (-O-) after 2 h at Ecorr.
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Fig. 4. Potentiodynamic reduction curves for oxides grown on copper (-(O-), brass
(-0O-) and zinc (-A-) after 192 h at Ecoy in ATW +10mg1-'P using a scan rate of
1mVs~1. Scan starts at growth potential.

Raman spectroscopy provides direct information on the bond-
ing, composition and stoichiometry of both crystalline and
amorphous surface compounds on metals at atmospheric pressures
[29]. Ex-situ Raman spectra of the passive layers grown on copper
in ATW and ATW with inhibitor after 192 h at Ecor are presented
in Fig. 5. In ATW, narrow and intense bands at 150 and 220 cm™!
together with a broad feature in the frequency range from 300 and
700 cm~! show that the oxide layer is mainly composed by Cu,0 (*)
[30,31]. The identification of CuO by this technique is not possible
because Raman scattering from CuO is much weaker than that from
Cu,0 and the main peakin the CuO spectrum (4) lies too close to one
of the most intense Cu,0 peaks (*). However, when the inhibitor is
added, a decrease of the Raman peak intensity is evident. This fact
could be associated with the presence of a Cu,0 and CuO on the
surface film, because the scattering from Cu,0, diluted by CuO, has
been reported to be much weaker than that from pure Cu,0 [30].

Ex-situ Raman spectra for passive layers grown on zinc during
192 h at the Ecorr are presented in Fig. 6. In ATW, the surface layer
on Zn shows bands at 380 and 1080 cm~! characteristics of ZnCO3
(0) [32,33] and an increment in the intensity around 140cm™1,

.
* * * * *
250000 |- | |
o
< 200000 b i}
>
7 [
g -
2 o0
P${k *Cu,0
100000 L | | 2
+ CuO
200 400 600 800 1000

Raman Shiftfcm™ "

Fig. 5. Ex-situ Raman spectra for passive layers grown on copper in ATW (- -) and
ATW+10mgl-! P (=) for 192 h at Ecoyy.
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together with bands at 430 and 570 cm~! which are characteristic
ofZn0 (¢) [33,34]. When the inhibitor is added, the incorporation of
PO43- ions as Zn3(P0O4); to the passive layer on zinc is evidenced by
the intense band that appears at 960cm~! (@) [32,35,36] together
with weak bands at 430 and 570cm~! [32,35]. The most intense
band can be ascribed to the symmetric stretching mode (v;) of
PO43- ions [34,36].

Ex-situ Raman spectra of the passive layers grown on brass for
192 h at E¢opr are presented in Fig. 7. In ATW, the surface layer on
brass is composed of Cu,0 and ZnO. This is supported by the narrow
peak at 150 cm~! characteristic of Cu,0 (*), which is overlapped
with the band due to ZnO (¢). At 570 cm~! another band of Zn0 (¢)is
also evident. When the inhibitor is added, the spectrum is flattened
as shown in Fig. 7. A decrease in the ZnO and/or Cu,0 participation
in the passive film could be associated to this behavior. In addition,
the incorporation of PO43~ ions as Zn3(P0O4), to the passive layer
on brass is clear, as shown by the band that appears at 960 cm~!
(@).

The XRD spectra of copper, zinc and brass held 192h in
ATW +10mg1-! P at the Eco,y are presented in Fig. 8. The XRD spec-
trum of copper displays only peaks at 43.3° and 50.4° corresponding
to bulk elemental copper (*) (JCPD 1-124). In the case of brass, the
two peaks at42.6° and 49.5° can be related to Cu-Zn phase (¢) (JCPD
25-0322) and other at 38.3° can be related to the presence of an
aluminum rich phase () [37]. In these spectra, no peaks related to
Cuy0, CuO, Cuz(POy4), or Zn3(P0O4); can be seen because the passive
layers on these metals are very thin (probably thinner than 10 nm)
[20,21].In addition, these compounds may present a poor degree of
crystallinity and this technique is limited to crystalline compounds
[29,38]. In the case of zinc, XRD spectrum clearly presents peaks
at 36.3°, 38.9° and 43.2° related to metallic Zn () (JCPD 4-0831)
plus one peak at 32.7°, which could be related to the presence of
ZnCOs3 (O) (JCPD 3-0774). The incorporation of Zn3(POy4 ), (®) to the
passive layer is evident with the most intense peaks at 9.6°, 19.3°
and 31.4° (JCPD 1-0964).

XPS spectra for passive layers grown on copper and brass in
ATW+10mgl-! P for 192 h at Ecor were recorded. The Cu2p
region for both materials is presented in Fig. 9. In the case of Cu,0,
the Cu2ps), peak is located at a binding energy of 932.2-932.8 eV
[17,24,26,39-41], close to the metallic copper signal. With XPS, CuO
and Cu(OH); can be identified and distinguished from one another,

[ ] L ]
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=
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Fig. 6. Ex-situ Raman spectra for passive layers grown on zinc in ATW (--) and
ATW +10mgl-" P (=) for 192 h at Ecoyy.
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Fig. 7. Ex-situ Raman spectra for passive layers grown on brass in ATW (--) and
ATW+10mgl-! P (=) for 192 h at Ecoyy.

because the main Cu2ps, peak of CuO is around 933.4-934eV
while that of Cu(OH), is located at 934.5-935,3 eV [24,26,38,41]. It
has also been shown before that Cu(Il) compounds present a shake-
up peak typical of Cu(ll) d° ions [26,42]. On the copper spectrum,
the shake up peak at 944 eV is present, indicating a high content
of Cu(Il) compounds in the passive layer. On the other hand, ana-
lyzing the brass spectrum, the participation of Cu(Il) compounds is
not so evident. Table 1 presents the fitting results corresponding
to the Cu2psj, peaks. This fitting was carried out using XI SDP32
software. The peak areas were used to estimate the percentage of
the different compounds present in the passive layer. The results
presented in Table 1 show that on copper, the Cu(ll) compounds
contribute in 93% to the global composition while on brass, the
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Table 1

Cu2p spectra of copper and brass surface film formed in ATW containing 10 mg1-!
P.

Compound Position (eV) Composition (%)
Copper Cu®, Cu,0 932.5 A 7
CuO 9334 B 25
Cu(OH), 935.2 C 68
Brass Cu®, Cu,0 932.5 A 50
CuO 9334 B 37
Cu(OH), 935.2 C 13
F Y * Cu
f668 o Cu-Zn phase
B o Al rich phase
| ¢Zn
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Fig. 8. Grazing XRD spectra of copper, zinc and brass after 192 hin ATW+10mgl-!
P.
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Fig. 9. XPS spectra for passive layers grown on copper (a) and brass (b) in ATW +10mgI1-! P for 192 h at Ecorr.
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participation of Cu(Il) compounds is lower. Also, it has to be con-
sidered that the values presented for brass were calculated without
taking in account the participation of Zn(II) compounds in the pas-
sive layer.

A mechanism that explains the increase in the copper corro-
sion resistance when phosphate ions are present in ATW has been
proposed before [20] and is summarized below. The behavior of
copper has been associated to changes in the porosity, thickness
and composition of the passive layer.

When passive layers grow on copper the first steps are those
shown by reactions (1) and (2) [43,44]:

Cu + OH™ — Cu(OH),q +le~ 1)
2Cu(OH),q — Cuy0 + Hy0 2)

When PO43~ ions are present, the solubility of the Cu(I) oxide
increases [14,45] resulting in a partial inhibition of the Cu,0 layer
formation. Under these conditions CuO can be formed by direct oxi-
dation of Cu* ions previously dissolved from the copper surfaces
[14,45,46] as shown by reaction (3):

Cu*(aq) + (2—x)H,0 — CuOx(OH)y_px+2HT +2e~ 3)

Thus, the presence of PO43~ ions favors the formation of CuO [14,45]
which, in turn, is related to the development of a more protective
passive layer.

In the case of brass in ATW, an increment of the corrosion resis-
tance when the inhibitor is present has also been established [21].
However, those results were not enough to establish the compo-
sition of the passive film and so, only preliminary ideas on the
possible mechanism could be outlined. Now, with the comple-
mentary results from the surface techniques, a mechanism can be
proposed.

When a passive layer grows on brass at the Ecorr, the first step
is the preferential dissolution of Zn from the alloy (reaction (4)),
leaving a copper-rich surface [47-49]:

Zn — Zn** +2e” (4)

Subsequently, copper oxide formation begins according the reac-
tions (1) and (2).

As Zn is the most active component in the alloy, Zn?* concen-
tration could be high enough to allow Zn3(POg4), deposition on
the surface [18,19]. The development of a compact passive film of
Zn3(P0O4), may reduce Cu(l) dissolution assisted by PO43~ ions, hin-
dering the deposition of CuO by direct oxidation of Cu(I) from the
solution (Eq. (3)).

4. Conclusions

XRD, Raman spectroscopy and XPS have been used to identify
the changes in composition of copper, zinc and brass that result
from the incorporation of phosphate ions to ATW.

It has been shown before that in the case of brass, a decrease
in the copper cuprosolvency, together with an increment in the
pitting resistance, may be related to changes in the passive films on
copper and brass. The results showed that when PO43~ is added as
corrosion inhibitor the film on copper and brass becomes thinner,
denser and more compact. It has now been demonstrated that the
films present on zinc are also thinner when phosphates are present.
Also, a variety of surface techniques has shown that in all three
materials the film changes its composition when in contact with
inhibited ATW. All the results are complementary and can be used
to establish the mechanism of action for this inhibitor.

On copper, the improvement in the corrosion behavior in the
presence of phosphate ions is attributed to the presence of CuO in
the passive film and the results confirm the previously proposed
mechanism [20].

L. Yohai et al. / Applied Surface Science 257 (2011) 10089-10095

In the case of brass, the development of a thinner, compact and
less porous Zn3(PO)4 layer hinders Cu(I) dissolution. A mechanism
is proposed to support this interpretation, which also explains the
improvement on the pitting resistance, found earlier.
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