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h i g h l i g h t s
< Changes in the copper corrosion after adding phosphate to tap water were analyzed.
< When NaClO and phosphates are present, Cu3(PO4)2 participates of the surface film.
< In the absence of biocide the surface film contains a mixture of Cu2O, CuO and Cu(OH)2.
< PO4

3� is an effective inhibitor for Cu in tap water containing high NaClO dosages.
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a b s t r a c t

PO4
3� ions as corrosion inhibitor were investigated on copper in tap water in the presence of NaClO. The

inhibitor was evaluated by electrochemical techniques and weight loss tests. Raman spectroscopy and
X-ray photoelectron spectroscopy were used to study the passive layer. In inhibited tap water, the passive
layer is thick and compact if NaClO is present. Weight-loss tests showed the inhibition of uniform
dissolution and no pitting attack. When adding NaClO, Cu3(PO4)2 is incorporated to the passive film.
Thus, phosphate ions are effective as inhibitors for copper in tap water, even when using high dosages of
biocides.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Copper and copper alloys are materials largely used in tap water
distribution systems where sodium hypochlorite is frequently used
as biocide to reduce the bacterial content. As a side effect, this
biocide could increase copper corrosion, favouring the Cu2þ release
to the water, even inducing the development of localized corrosion
depending on the tap water composition and the chlorine content
[1e4]. Hypochlorite reduction is the dominant cathodic reaction in
chlorinated tap water (instead of oxygen reduction), shifting the
corrosion potential above the pitting potential. Also, sodium hy-
pochlorite stimulates pit growth [4,5].

Corrosion inhibitors are widely used to prevent copper disso-
lution. In the context of this work, the inhibitors should be harmless
for human health and friendly with the environment [6]. Sodium
orthophosphate fulfils these requirements. In fact, the beneficial
effect of phosphates ions on copper in a variety of tap water
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compositions, in relation with copper release rate into water, has
been studied by many authors [7e14] However, the action mech-
anism of this inhibitor is not clearly understood. It has been sug-
gested that it lowers copper solubility, forming a cupric phosphate
layer on the copper surface [7,15]. When the electrolyte composi-
tion and pH allow the development of a superficial protective layer
on themetal, Cu2þ release to the medium is minimal. However, this
layer can suffer localized rupture or pitting that can lead to pipe
perforation. In previous works [16e18] we established that in a
hard and highly carbonated tap water, sodium orthophosphate can
be used as corrosion inhibitor, as it favours the development of a
more resistant superficial layer that minimizes copper dissolution.
It also acts by decreasing the susceptibility to localized corrosion. In
these studies the optimal dosage of inhibitor was established. Also,
an inhibition mechanism of phosphate ions on copper in tap water
was presented, showing that in this case CuO was the principal
component of the passive layer (instead of a cupric phosphate). In
agreement with these results, Lytle and Nadagouda [13] have
recently presented an analysis of copper pipes from drinking water
plumbing in USA suggesting that phosphate ions in tap water
are important in preventing pitting corrosion of copper in actual
service conditions.
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This investigation has been carried out employing a solution
that simulates Mar del Plata drinkablewater. This is a seaside city in
Argentina (lat. S:3756 e long. W:5735), where the source for tap
water is underground wells. This water is moderately hard and
highly carbonated. Due to the intrusion of the marine aquifers, the
chloride ions content is relatively high for international standards
and never less than 2.82 mmol l�1 (100 mg l�1). Argentine food-
grade norms set the upper limit for chloride ions content in
10 mmol l�1 for safe drinking water [19].

The effect of orthophosphate ions as corrosion inhibitor of
copper in tap water, when sodium hypochlorite is also present, is
controversial and there are very few papers that deal with this issue
[9,14,20]. The inhibitor effects on pitting corrosion and its action
mechanism could be affected by the presence of sodium hypo-
chlorite. In this context, the combined effect of orthophosphate
ions and sodium hypochlorite on copper corrosion inhibition in tap
water is studied. Particular attention will be paid to the composi-
tion of the surface film naturally formed on copper in contact with
water containing both the inhibiting agent (phosphate ions) and
sodium hypochlorite as biocide. The effect of each species on the
protection mechanism will be evaluated.

2. Materials and methods

2.1. Electrodes preparation

The electrodes were constructed from spectroscopic grade cop-
per (99.99%). Disc samples of copper were included in fast curing
acrylic resin on appropriated polyvinyl chloride (PVC) holders. The
geometrical area exposed was 0.312 cm2. An appropriated electrical
contact was prepared for each sample. The electrodes were abraded
down to grade 600 with emery paper, and finally mirror polished
with 0.05 mm alumina powder (Type B e Buehler, Lake Bluff, USA).
The electrodes were then rinsed gently with distilled water.

In the case of weight loss tests, copper coupons were abraded
only up to grade 600 with emery paper. The exposed geometrical
area was 2.1 cm2.

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 composition was
MgSO4$7H2O (0.163 mmol l�1), MgCl2$6H2O (0.295 mmol l�1),
KNO3 (0.247 mmol l�1), CaCl2$H2O (0.853 mmol l�1), Na2CO3
(4.43 mmol l�1) and NaNO3 (0.235 mmol l�1) in distilled water; the
pH was adjusted to 7.6 with 1 mol l�1 HCl. The final water con-
ductivity was 1.15 mS cm�1. The final chloride ions concentration
determined by potentiometric titration was 5.6 mmol l�1.

To evaluate the inhibitor effect, the dosage of orthophosphate
tested corresponds to 0.32 mmol l�1 NaH2PO4$H2O respectively. A
stock solution containing 0.05 g ml�1 NaH2PO4$H2O was used
(equivalent to 0.36 mol l�1). The solutions containing the inhibitor
will be identified as IATW.

To analyze the role played by NaClO as biocide, a commercial
bleach solution provided by Química DEM�was used as stock. The
NaClO concentration in the commercial solution was evaluated by
titration [21]. In the experiments to be described below, two NaClO
dosages were used: 0.056 and 0.14 mmol l�1. These relatively high
dosages correspond to 2 and 5mg l�1 expressed as Cl2, respectively.
The World Health Organization recommends a maximum value of
5 mg l�1 for free chlorine in drinking-water [22]. The highest
dosage of biocide was only used in phosphate-free ATW when
performing weight-loss tests. These solutions will be referred to as
ATW-BH. On the other hand, the lowest dosage of NaClO
(0.056 mmol l�1) as biocide was used in phosphate-free ATW for
the rest of the electrochemical tests. These solutions will be
referred to as ATW-BL. The solutions containing both, the inhibitor
and the biocide, will be denoted as IATW-BH. In this case, the NaClO
dosage is always 0.14 mmol l�1.

All the experiments were carried out at room temperature
(20� 2 �C). The solutions were used without stirring or deareation,
unless otherwise noted.

2.3. Electrochemical techniques

A three-electrode electrochemical cell was used. A saturated
calomel electrode (SCE, E ¼ 0.24 V vs. the standard hydrogen
electrode, SHE) was used as reference. All the potentials were
indicated against SCE. A platinum wire of large area was used as
counter electrode. A Luggin capillary minimized the ohmic drop.

A Voltalab PGZ 100 potentiostat was used to carry out the
electrochemical characterization.

Before all the electrochemical tests, the copper electrodes were
pre-reduced in ATW at �1.15 VSCE for 15 min to obtain a repro-
ducible, clean surface.

Polarization resistance (Rp) was evaluated as DV/Di, from po-
tential sweeps scanning�10mV from the corrosion potential (Ecorr)
at a scan rate of 0.1 mV s�1. The electrodes had been previously kept
at Ecorr for 2 h.

Film growth was investigated carrying out potentiodynamic
reductions. First, the passive film was grown at the corrosion po-
tential (Ecorr) for 2 h. Then the electrodes were immediately
transferred to another cell where the oxides were reduced in
deareated ATW by scanning the potential at 10 mV s�1. The starting
point was the potential where the oxide had been grown. The po-
tential was scanned in the negative direction up to �1.15 VSCE.

When anodic polarization curves were registered, the elec-
trodes were first kept at Ecorr for 2 h. The passive layer was then
stable and the open circuit potential remained constant. Finally a
potentiodynamic scan started at the Ecorr, using a sweep rate of
0.1 mV s�1. To induce a convenient degree of attack, the scan di-
rection was reversed at 0.64 mA cm�2. The overall procedure fol-
lowed the recommendations of ASTM [23], adapted for copper.

Electrochemical impedance spectroscopy (EIS) tests were per-
formed at Ecorr. Recording each spectrum took between 90 and
160 min. Prior to starting the frequency sweep, the samples were
pretreated for 15 min at �1.15 VSCE and then kept for 2 h in contact
with ATW at Ecorr. The amplitude of the AC voltage signal was
�10 mVrms while the frequency varied between 20 kHz and 5 mHz.

2.4. Ex-situ Raman spectra

Ex-situ Raman spectra were performed on the passive layers on
copper grown for 192 h at Ecorr. The samples were then cleaned
with de-ionizated water and dried with ethylic alcohol under ni-
trogen current. Raman spectra were collected at various points
(al least five), and were found to produce similar results.

The Raman measurements were carried out using an Invia Re-
flex confocal Raman microprobe with Arþ laser of 514 nm in
backscattering mode, with a laser spot of 2 mm. An exposure time of
50 s and 3 accumulations were used, with 50� objective. The laser
power was 25 mW.

2.5. XPS spectroscopy

The films on copper were prepared as described above (Section
2.4) 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�10mbar.



Fig. 1. Potentiodynamic reduction curves for copper oxides grown during 2 h at Ecorr in
ATW (d); IATW (d,d), IATW-BH (dBd). Scan rate: 10 mV s�1.
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All XPS spectra are acquired at 45� between the analyzer axis and the
sample surface normal set. Survey spectra were recorded for the
samples in the 0e1100 eV binding energy range, using 1 eV 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
referencing the binding energy (BE) to the C 1s line of residual car-
bon set at 284.5 eV BE [24]. The composite XPS bands were resolved
using XI SDP32 software, version 3.0.

2.6. Weight loss determinations

Previously weighted coupons were suspended and immersed in
the following test solutions: ATW, ATW-BH, IATW and IATW-BH.
Each container held three coupons. The containers were kept at
room temperature in aerated conditions, in the darkness to avoid
NaClO degradation. Every 2 days, the solutions were partially
replaced in order to keep the NaClO level constant. The coupons
were withdrawn after 90 days and the corrosion products were
stripped by immersion in 1 mol l�1 HCl. Then the coupons were
neutralized and rinsed, first with a saturated Na2CO3 solution, and
finally with distilled water.

3. Results and discussion

The polarization resistance values (Rp) measured in ATW, ATW-
BL and IATW-BH after 2 h at the Ecorr are displayed in Table 1. In the
absence of phosphate ions, NaClO concentrations higher than
0.056 mmol l�1 are too aggressive for the copper surface. From
Table 1 it can be seen that copper in ATW-BL presents lower Rp
values and a more negative Ecorr than in ATW. In IATW-BH, Ecorr
moves towards more noble potentials with a notorious increase in
the Rp values. The positive effect of phosphate ions is evident, even
when the NaClO content is over twice higher than in the reference
condition. The augmentation in Ecorr and Rp observed when NaClO
and the inhibitor are present together could be associated to NaClO
reduction [4,5], and to differences in the composition of the pro-
tective passive layer developed on the copper surface.

Fig. 1 shows potentiodynamic reduction curves of the layers
grown during 2 h at the Ecorr in ATW, IATW and IATW-BH. In ATW,
peak IIc at �0.74 VSCE has been associated to Cu2O reduction to Cu
and the shoulder at �0.95 VSCE (IIIc) to the reduction of Cu(I) in
solution [16,25,26]. In the presence of the inhibitor, a new cathodic
peak at �0.35 VSCE (Ic’) appears, related to the presence of CuO and
its reduction to Cu2O [16,17]. Peak II’c at �0.57 VSCE can be associ-
ated to Cu2O reducing to Cu [16,17]. The charge (q) associated to
peaks IIc in ATW, and I’c and II’c in IATW, has been calculated by
current integration. The relation to the total charge is qIATW/
qATW ¼ 0.43 indicating the development a thinner passive layer
once the inhibitor is present [16]. When the inhibitor and the
biocide are both present, the reduction charge increases (Ic’’ and
IIc’’) and the relation to the total charge is now qIATW-BH/qATW¼ 0.98
indicating the presence of a thicker passive layer.

Impedance spectra are recorded on copper held 2 h at Ecorr in
ATW, ATW-BL, IATW and IATW-BH. A schematic representation of
the structure of the surface film present on the metallic surfaces
after ageing, as well as the corresponding equivalent circuit
showing the best fitting results, are presented in Fig. 2. This circuit
Table 1
Polarization resistance values obtained after growing surface layer at Ecorr for 2 h.

ATW-BL ATW IATW IATW-BH

Ecorr (mVSCE) �90 � 62 �59 � 15 �72 � 15 78 � 17
Rp (kU cm2) 11 � 4 33 � 10 96 � 4 221 � 36
includes constant phase elements (CPE) to represent various types
of non homogeneities typical of corroding electrodes. Surface
roughness, insufficient polishing, grain boundaries and surface
impurities have been mentioned before among the main reasons
that justify the use of CPEs in equivalent circuits of corroding
electrodes [27]. The impedance of this element is frequency-
dependent, and can be mathematically expressed using two pa-
rameters, Q and n as:

ZCPE ¼ �
QðjuÞn��1 (1)

where Q is a constant with dimensions of U�1 cm�2 sn and n a
constant power, with �1 < n < 1. A rough or porous surface can
cause a double layer capacitance to appear as a constant phase
element with n varying between 0.5 and 1. Warburg impedances
and CPEs with a n value around 0.5 (the last known as “infinite
diffusion”) are used to model surface layers with increasing ionic
conductivity due to corrosion processes occurring inside the pores,
and the consequent diffusion process along them. This circuit is
typical of passive metals and has been used before by other authors
in relation to copper corrosion in tapwater [26,28,29]. Rs represents
the solution resistance between the electrode surface and the tip of
Fig. 2. Equivalent circuit proposed to fit the experimental data when two time con-
stants are present. Rs represents the solution resistance, ZCPEo the pseudo-capacitance
of the surface oxide, Ro the electrolyte resistance in the pores of the oxide film, ZCPEdl
the pseudo-capacitance of the double layer and Rdl the double layer resistance.



Fig. 3. Impedance spectra recorded on copper electrodes held for 2 h at Ecorr in ATW (dDd), ATW-BL (d*d), IATW (d,d), IATW-BH (dBd). The symbols represent the data
and the lines the fitting results. (a) Nyquist representation; (b) and (c) Bode representation.
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the Luggin capillary, ZCPEo a constant related to the surface oxide, Ro
represents the electrolyte resistance in the pores of the oxide film,
ZCPEdl is a constant related to the double layer and Rdl the double
layer resistance. The experimental data were fitted to the proposed
equivalent circuit using ZView� [30].

The results are shown in Fig. 3 in the form of Nyquist (a) and
Bode (b and c) plots. EIS data fit results are shown together with the
recorded data. As can be seen, the impedance spectra present two
time constants. The use of the same equivalent circuit with and
without inhibitor is in agreement with the presence of two time
constants in all the conditions analyzed. The first time constant at
high frequency is associated to the presence of a passive film and
the second time constant to low frequency is associated to the
charge transference resistance process at the metal/film interface.
In ATW and ATW-BL the two time constants can be easily
Table 2
Optimized values for the parameters employed in fitting the data in Fig. 3a, b and c
with the equivalent circuit proposed in Fig. 2.

Element ATW-BL ATW IATW IATW-BH

Rs/U cm2 213 214 155 194
Qo/mU�1 cm�2 sn 23.4 13.8 10.5 8.2
no 0.80 0.82 0.88 0.89
Ro/kU cm2 0.4 1.0 12.9 216.6
Qdl/mU�1 cm�2 sn 104.3 69.0 30.1 2.2
ndl 0.68 0.61 0.5 (fixed) 0.5 (fixed)
Rdl/kU cm2 16.1 25.9 112.7 259.1
appreciated in Fig. 3c. In the case of IATW the presence of the two
time constants may not be so evident. However, the lack of sym-
metry in the Bode plot indicates the presence of two overlapped
time constants [16]. In IATW-BH the Bode plot presents a plateau in
Fig. 4. Anodic polarization curves for copper after 2 h at Ecorr in ATW (d), ATW-BL
(d*d), IATW (d,d), IATW-BH (dBd). Scan rate: 0.1 mV s�1.



Table 3
Electrochemical parameters obtained from anodic polarization curves for copper.

ATW-BL ATW IATW IATW-BH

Epit (mVSCE) e 71 � 13 277 � 49 326 � 13
Epit � Ecorr (mV) e 130 � 28 348 � 54 249 � 15
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the range of frequencies where the two time constants are
observed in the other conditions, indicating also the presence the
two overlapped time constants.

The experimental data are found to reasonably fit the proposed
equivalent circuit. When the inhibitor is added to ATW, ndl is fixed
at 0.5 during the fitting procedure to simulate a Warburg element.
The low frequency time constant is therefore associated to diffusion
impedance combined with a charge transfer process. In the present
case, the diffusion impedance could represent the hindered diffu-
sion of Cuþ through the less porous passive layer [26,41]. The
optimized parameter values are presented in Table 2. When
0.056 mmol l�1 NaClO are present in ATW, a decrease of Ro and Rdl,
together with an increase of Qo and Qdl, can be associated to the
presence of a more porous passive layer on the electrode surface
when compared to ATW. When the inhibitor and the biocide are
present simultaneously, Qo shows no relevant variation relative to
ATW, but Qdl decreases. This behaviour, together with an increment
of Ro and Rdl, indicates the development of a more compact passive
layer, as compared to ATW [28]. The increment of no up to values
close to 0.9 is related to a more capacitive response associated to a
less porous surface [31].

Anodic polarization curves are presented in Fig. 4 for copper in
ATW, ATW-BL, IATWand IATW-BH. Table 3 presents average values
for the pitting potential (Epit), taken from at least three independent
experiments. Epit is taken as the potential where the current in-
creases abruptly.
Fig. 5. Micrographs of the electrodes surface af
Images showing the status of the surface after having performed
the anodic polarization curves are presented in Fig. 5. All the con-
ditions produce pitting attack, except for ATW with NaOCl, where
corrosion is predominantly uniform. In this case, the current in-
creases steadily and there is no clear passivity current (Fig. 4).

In the two conditions where the inhibitor is present, it can be
seen that the pitting potential moved in the direction of more
positive (noble) values while the passivity currents decreased and
the difference (Epit � Ecorr) increased. This better pitting resistance
when the inhibitor is added to ATW or ATW with NaClO, may be
attributed to the presence of a more protective surface layer. As it
can be seen in Fig. 5, the highest density of pits corresponds to
IATW-BH and the lowest to IATW. However, in IATW the pits are
bigger and deeper. The differences in the morphology of attack
could be related to changes in the composition of the passive layer
when NaClO is present.

To complete the surface characterization, ex-situ Raman and
XPS techniques were used in order to compare the effect of PO4

3�

ions on copper. To enable the development of a thicker passive
layer, these films were grown at Ecorr for a longer time (192 h).

Raman spectroscopy provides direct information on the
bonding, composition and stoichiometry of both crystalline and
amorphous surface compounds on metals [32]. Ex-situ Raman
spectra of the passive layers grown on copper in ATW, IATW and
IATW-BH are presented in Fig. 6. In ATW, narrow and intense bands
at 150 and 220 cm�1 together with a broad feature in the frequency
range from 300 a 700 cm�1 show that the oxide layer is mainly
composed by Cu2O [33,34]. CuO cannot be identified because the
Raman scattering from CuO is much weaker than that from Cu2O.
Also, the main peak in the CuO spectrum lies too close to one of the
most intense Cu2O peaks. When the inhibitor is added, a decrease
in the intensity of the Raman signal is evident. This fact could be
associated to the presence of Cu2O and CuO on the surface film,
ter performing anodic polarization curves.



Fig. 6. Raman spectra for passive layers grown on copper for 192 h at Ecorr in ATW (d);
IATW ($$$) and IATW-BH (d$d).

Table 4
Deconvolution of Cu2P3/2 peak. XI SDP32 software, version 3.0. FWHM (full width at
half maximum).

Compound Position (eV) Peak FWHM (eV) Composition (atom %)

IATW Cu0, Cu2O 932.5 A 1.6 7
CuO 933.4 B 1.8 25
Cu(II) 935.2 C 2.8 68

IATW-BH Cu0, Cu2O 932.5 A 2.6 19
CuO 933.4 B 2.0 24
Cu(II) 935.2 C 4.0 57

Table 5
Weight-loss measurements of copper coupons after 90 days of immersion.

ATW-BH ATW IATW IATW-BH

Weight-loss
(mg cm�2)

2.79 � 0.38 0.43 � 0.11 0.06 � 0.03 0.21 � 0.07

Attack General General None None
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because the scattering from Cu2O, diluted by CuO, has been re-
ported to be much weaker than that from pure Cu2O [17,33]. In the
presence of NaClO and PO4

3� the participation of Cu3(PO4)2 on the
surface film on copper is evidenced by the intense band that ap-
pears at 960 cm�1 [35e38]. This band can be ascribed to the
symmetric stretching mode (n1) of PO4

3� ions [37e39].
XPS spectrawere recorded for passive layers grown on copper in

IATW and IATW-BH. The Cu2p region for both materials is pre-
sented in Fig. 7. In the case of Cu2O, the Cu2p3/2 peak is located at a
binding energy of 932.2e932.8 eV [24,40,41], close to the metallic
copper signal. By means of XPS, CuO and Cu(OH)2 can be identified
and distinguished from one another, because the main Cu2p3/2

peak of CuO is around of 933.4e934 eV while that of Cu(OH)2 is
located at 934.5e935.3 eV [24,41,42]. Other Cu(II) compounds such
as Cu3(PO4)2 could be present overlapping the Cu(OH)2 peak
[40,41]. It has also been shown before that Cu(II) compounds pre-
sent a shake-up peak typical of Cu(II) d9 ions [43]. In the case of the
copper spectra (Fig. 7a and b), the shake up peak at 944 eV is
present, indicating a high content of Cu(II) compounds in the pas-
sive layer in both conditions. Table 4 presents the fitting results
corresponding to the Cu2p3/2 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 4 show that on copper in IATW, Cu(II)
Fig. 7. XPS spectra for passive layers grown on co
compounds contribute in 93% to the global composition. Also, in
IATW-BH, the participation of Cu(II) compounds is of nearly 81%.

In summary, in the case of IATW-BH, XPS results show the
participation of Cu(II) compounds on the passive layer, while
Raman spectra show the incorporation of phosphate ions. As a
result, the participation of Cu3(PO4)2 is evident, which is in agree-
ment with the results reported by other authors [9,14].

A mechanism to rationalize the situation of ATW and IATW has
beenproposedbefore [16].Whena passive layer grows on copper, the
first step corresponds to the formationof Cu(OH)ad. Later, a Cu2O layer
develops by dehydration. When PO4

3� ions are present, the Cu(I)
solubility increases and the Cu2O layer formation can be partially
inhibited. An upper layer of CuO can be formed by direct oxidation of
Cu2O or by oxidation of Cuþ ions previously dissolved from the sur-
face. In any the case, the development of a protective passive layer
could be better related to the presence of CuO [16,17,44,45].

In the presence of PO4
3� and NaClO the proposed mechanism

needs to be modified. CuþðaqÞ could be oxidized by NaClO to
Cu2þðaqÞ (see Eq. (2)), hindering CuO formation.

2CuþðaqÞ þ ClO� þH2O/2Cu2þðaqÞ þ Cl� þ 2 OH� (2)

The increment in the concentration of Cu2þðaqÞ would lead to the
precipitation of Cu3(PO4)2 (pK¼ 37) [44] as shown by Eq. (3), which
would become a key component of the protective layer.

3Cu2þðaqÞ þ 2PO4
3�

ðaqÞ /Cu3ðPO4Þ2 (3)
pper for 192 h at Ecorr. a) IATW; b) IATW-BH.



Fig. 8. Micrographs of coupons surface after 90 days of exposure.
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To evaluate the performance of the inhibitor at even longer times,
weight loss tests were carried out exposing copper coupons to ATW,
IATW, ATW-BH and IATW-BH. Table 5 presents the weight-loss re-
sults after 90 days of exposure. Fig. 8 shows photographs of the
coupons after removing them from each electrolyte and cleaning
them as described before. No pitting attack was detected on the
coupons under any of the conditions tested. However, after long
immersion times, copper coupons undergo uniform dissolution in
ATW-BH. Also, the weight loss is significant in ATW. When the in-
hibitor is added to ATW containing NaClO (IATW-BH), weight-loss is
minimal, showing that general dissolution is inhibited.

The percentage of inhibition ðhRp
Þ can be calculated using the

following equation, using Rp values from Table 1:

hRp
¼

"
1� Rp without inhibitor

Rp with inhibitor

#
� 100 (4)

It is also possible calculate the percentage of inhibition using Eq.
(4) taking Rdl from the impedance spectra in Table 2 (hEIS). On the
other hand, the percentages of inhibition using weight loss (WL)
were calculated using the following equation:

hWL ¼
�
1� mwith inhibitor

mwithout inhibitor

�
� 100 (5)

where m is the mass that has been lost. The percentages of inhi-
bition are presented in Table 6. Those values calculated bymeans of
WL are more likely to be accurate, taking into account the longer
Table 6
Inhibition percentages (h) for copper obtained from Rp values, EIS and weight-loss
tests.

IATWa IATW-BHb

hweight-loss test 86 92
hRp

66 95
hEIS 77 94

a The blank condition corresponds to ATW.
b The blank conditions correspond to ATW-BL for Rp and EISmeasurements and to

ATW-BH for the weight-loss test.
exposition times. Nevertheless, all the values presented in Table 6
are in good agreement, and demonstrate that phosphate ions are
effective as corrosion inhibitor in the presence of NaClO.

4. Conclusions

When a biocide agent such as NaClO is added to ATW the sta-
bility of the passive film, which in tap water is mainly composed by
Cu2O [25], becomes compromised. Polarization resistance values
decrease and Ecorr moves in the more active direction after the
incorporation of NaClO. The polarization curves show a constant
current increment, with no defined pitting potential, in agreement
with the uniform dissolution observed at long immersion times.

The incorporation of phosphate ions as corrosion inhibitor
produces a more compact and thinner surface layer, as compared to
that in ATW. This layer is composed by a mixture of Cu2O, CuO and
Cu(OH)2 [16,17]. This change in composition seems to be associated
to a decrease in the copper cuprosolvency together with an incre-
ment in the pitting potential.

When the biocide and the inhibiting agent are both present, the
passive layer on copper is thicker and more compact than in IATW.
Ecorr moves towards more noble potentials accompanied by a
noticeable increment in the Rp values. Even though the increment
in Ecorr may enhance the risk of localized corrosion initiation, it has
to be taken into account that the difference (Epit � Ecorr) is twice
that in ATW. The mass lost at longer times is minimal when
compared to ATW contaminated with NaClO, showing that uniform
dissolution is inhibited (inhibition values are closed to 90%). The
simultaneous presence of phosphate and hypochlorite ions is
associated to the participation of Cu3(PO4)2 in the surface film, as
demonstrated by XPS and Raman spectroscopy.

In summary, the results confirm that phosphate ions are effec-
tive as corrosion inhibitors on copper in contact with tap water,
even when high dosages NaClO are employed as biocide.
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