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Carboxylic acids (hexanoic, decanoic, myristic and stearic) were studied as corrosion inhibitors for Cu,
Zn, Cul0Zn and Cu40Zn in simulated urban rain, using electrochemical measurements. The surfaces
of Cu, Zn and brasses were modified by immersion in ethanol solutions of carboxylic acids of various
molarities (0.01 M to 0.1 M). Times of immersion were between 1 min and 6 days. The effect of
surface etching was also studied. All carboxylic acids formed hydrophobic, self-assembled layers with
a contact angle over 90°. Carboxylic acids with longer carbon chains were better corrosion inhibitors.
The formation of self-assembled layers was a rapid process, high values of inhibition effectiveness
being observed after only one minute of immersion. Myristic and, particularly, stearic acids are good
inhibitors of Cu and brasses, providing protection of >95 %, even at low molarities. Both acids were
less effective for Zn with up to 60 % effectiveness.
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1. INTRODUCTION

Copper is a very useful material because of its excellent electrical and thermal conductivity
properties. To improve its mechanical properties, copper is alloyed with Zn to produce brasses. Copper
and brasses provide superior functions in many applications, as fresh water supply lines and plumbing
fittings, in architecture, heat exchangers and condensers, in industrial, chemical and power-generating
plants, etc. During exposure of copper, zinc and brasses to various environments however, they are
subjected to corrosion. There are many ways to protect them [1,2,3,4,5], one being to modify the metal
surface to make it hydrophobic and thus not wetted by aqueous liquids. Carboxylic acids
(CH3(CH3)mCOOH) have been used to generate hydrophobic surfaces on Al [6,7,8,9,10], Cu
[11,12,13,14,15,16], bronze [17], Mg [18], Zn [19,20], Ti [21], etc. They form self-assembled layers
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by adsorption to the positively charged metal surfaces via their carboxyl groups, producing a
hydrophobic layer [10,15,16, 22].

Surface roughness has an impact on the contact angle of a surface [7,15,23,24,25]. There are
two wetting regimes, homogenous and heterogeneous, depending on how the liquid fills up the
roughness grooves [26]. Wenzel, Cassie and Baxter studied the influence of surface roughness on the
contact angle. For a homogeneous wetting regime, in which the liquid fills up the roughness grooves,
the Wenzel equation is:

cos @, =r cos @, 1)

where @, is the Wenzel contact angle and @, the Young contact angle. The roughness ratio r
is defined as the atio of the true area of the solid surface to its nominal area. This equation shows that,
when a surface is hydrophobic, roughness increased the contact angle [26]. The Cassie-Baxter equation
describes the heterogeneous wetting regime, in which air bubbles are entrapped inside the roughness
grooves:

€050 =1;c0s50, + f — 1, 2

where @5 is the Cassie-Baxter contact angle, f is the fraction of the projected area of the solid
surface that is wet by the liquid and r; is the roughness ratio of the wet area. Surface roughness plays
an important role in both wetting regimes.

The length of the carbon chain of the carboxylic acid affects the properties of the self-
assembled layer. Boiser et al. tested four different monocarboxylic acids, differing in their carbon
chain length, as a post-treatment for aluminium alloy AA2024 that had been anodised in tartaric-
sulphuric acid. Stearic acid, with the longest chain, provided the most effective barrier to corrosion in
0.5 M Na,SO, [10]. Decanoic, myristic and stearic acids formed hydrophobic layers with contact
angles between 110° and 120°, while hexanoic acid formed a layer with contact angle around 50°.
Carbon chain length thus influenced the hydrophobicity of the layer. Wang et al. [16] showed that the
carbon chain length of carboxylic acid is critical for obtaining a stable superhydrophobic coating
(contact angle above 150%) on Cu.

In this study we investigated the use of carboxylic acids to modify the surfaces of Cu, Zn,
Cul0zZn and Cu40Zn in order to increase their hydrophobicity and hence corrosion resistance.
Hexanoic acid as a short chain, decanoic acid as a medium chain and myristic and stearic acids as a
long chain acid were used. Two procedures for sample preparation were studied and their influence on
the contact angle and corrosion resistance of the modified surface tested. The most effective pre-
treatment procedure was optimized with respect to the type of carboxylic acid, its molarity and the
immersion time. The electrochemical measurements were performed in a solution that simulates long-
term outdoor exposure to urban rain.

2. EXPERIMENTAL

2.1 Materials

Samples were cut from 2 mm thick foil in the form of discs of 15 mm diameter. Copper (99.95
% purity) and zinc (99.5 % purity) were supplied by Goodfellow Cambridge Ltd and copper-zinc
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alloys by Wieland-Werke AG, Ulm, Germany. The CuxZn alloys are denoted according to their zinc
content: Cul0Zn and Cu40Zn, where x is zinc content in wt. %.

Myristic acid (MA) [tetradecanoic acid Ci4H230,, purity 98.5 %], decanoic acid (DA)
[C10H200,, purity 98%] and hexanoic acid (HA) [CsH120,, purity 99.5 %], were supplied by Sigma-
Aldrich Chemie GmbH, Germany. Stearic acid (SA) [octadecanoic acid, CigH3s0,, purity 97%] was
supplied by ACROS-Organics. The acids were dissolved in absolute ethanol (Carlo Erba, Milan, Italy,
purity 99.9 %) to concentrations of 0.01, 0.05 and 0.1 M.

Electrochemical measurements were performed in deionized water containing 0.2 g/L Na,;SO,,
0.2 g/L NaHCOs3, 0.2 g/L NaNOg3 [27]. The pH was adjusted with 10% H,SO, to pH 5 to simulate the
acid rain present in polluted urban environments.

2.2 Preparation of samples

Metal samples were ground using, successively, 1200, 2400 and 4000-grid SiC emery papers,
cleaned ultrasonically in ethanol for 5 minutes, rinsed with deionized water and dried in a stream of
N.. Further treatment of the samples involved two procedures. In the first, following grinding they
were immersed in a solution of carboxylic acid in 0.05 M ethanol in water. In the second procedure the
grinding was followed by etching in 10% HNOg3 for 30 s before immersion in the same ethanol-water
solution of carboxylic acid. The samples were then dried in a stream of N, and electrochemical
measurements carried out in simulated urban rain.

The following parameters were varied: the type of carboxylic acid (HA, DA, MA or SA), the
time of immersion (1 min, 20 min, 1 day or 6 days) and the concentration of the carboxylic acid (0.01
M, 0.05 M and 0.1 M).

2.3 Electrochemical measurements

Electrochemical measurements were performed in simulated urban rain in a 1L corrosion cell
K0047 (PAR) at room temperature. The working electrode was embedded in a Teflon holder with an
exposed area of 0.95 cm?. A graphite electrode served as a counter electrode and a saturated calomel
electrode (SCE) was the reference electrode (E = 0.214 V). Measurements were performed using a
potentiostat/galvanostat Parstat 2263 controlled by PowerSuite software. After 1 h stabilization at open
circuit potential, potentiodynamic measurements were made from 250 mV negative up to 0.8 V (down
to - 0.8 V for Zn) at a scan rate of 1 mV/s. Electrochemical parameters were determined by Tafel
analysis using PowerSuite software. Each measurement was repeated at least three times.

2.4 Measurements of contact angle, surface roughness and surface morphology

Contact angles (®) were determined using a tensiometer Kriiss DSA 20 (Kriiss GmbH,
Hamburg, Germany). They were measured based on the image of the deionized water drop on the
sample surface, using Drop-shape-analysis software which enables fitting of the water drop on the
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surface and enabling precise determination of the value of the contact angle. Each value is the average
of at least three measurements made at different locations on the same sample.

Surface roughness was measured using the confocal microscope ZEISS Axio CSM 700 (Carl
Zeiss AG, Gottingen, Germany) and evaluated by Axio Zeiss CSM 700 3-D software. Roughness was
measured using a Z image over an area of 8400 um?. The results are expressed as average surface
roughness, R,, as the average of the absolute value of the height Z(x,y) in the measurement length, | =
1 mm, of the roughness curve in x and y directions. Each surface roughness value is the average of at
least three measurements made at different locations on the same sample [28].

The morphology of modified samples was characterized by field-emission scanning electron
microscopy (FEG-SEM, Jeol, JSM-7600F).

3. RESULTS AND DISCUSSION

3.1 The effect of surface preparation

The effects of grinding and etching on the hydrophobicity and corrosion inhibition of Cu, Zn,
Cul0zZn and Cu40zZn surfaces were investigated. The changes in morphology and contact angles
induced by etching are presented in Fig. 1.

Table 1. Mean values of surface roughness (R,) and contact angles (®) for ground and etched bare
samples.

sample Ra/nm ®/°

ground etched ground etched
Cu 53 76 47 63
Cul0Zn 74 168 42 59
Cu40Zn 74 145 68 69
Zn 114 154 61 74

Surface preparation affected the surface roughness (Table 1), which increased up to 2.3 times
for etched samples. The brasses exhibited the greatest difference between the roughness of the ground
and etched samples. Greater roughness of the etched surfaces was accompanied by larger contact
angles. In both cases the surface was hydrophilic (® < 90 °). Potentiodynamic curves for the bare
ground and etched Cu and Zn samples and for modified samples immersed for 20 min in 0.05 M
ethanol solution of SA are shown in Fig. 2. Values of electrochemical parameters, corrosion potential,
Ecorr and corrosion current density, jeor, are presented in Table 2.
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GROUND ETCHED

Figure 1. Images of ground and etched surfaces of Cu (a), Cul0zZn (b), Cu40Zn (c) and Zn (d) taken
with a confocal microscope. Insets show the images of water drops. The resulting values of
roughness and contact angles are presented in Table 1.

The results in simulated urban rain will be discussed first. No significant differences between
bare ground and etched Cu samples (Table 2) were observed for Cu (Fig. 2a,b) and brasses.
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Table 2. Electrochemical parameters, corrosion potential, E¢or, and corrosion current density, jeor, for
bare ground and etched samples. Samples were modified by immersion in 0.05 M stearic acid
in ethanol for 20 min. Values of inhibition effectiveness (IE) are given.

ground bare etched bare ground SA : etched SA

ECOIT / jCOI’I’ / ECOIT / jcorr / ECOIT / jCOIT / IE / Ecorr / jcorr / . IE /
mV  pAcm? mV pAcm? mV  pAcem? % mV uA cm? %
Cu -53 3.130 -69 2.960 -47 0.125 96.0 -70 0.044 98.5

Cul0Zn -66 3.040 -53 1.720 -53 0.123 95.9 -91 0.040 97.6
Cu40zZn -91 3.850 -91 1.910 -69 0.047 98.7 -117  0.018 99.0
Zn -1050 5.480 -1050 8.130 -987  5.370 1.8 -1030 4.140 49.1

The mechanism of Cu corrosion in simulated urban rain was not investigated in depth. The
cathodic reaction in an acidic environment is reduction of oxygen which diffuses from the bulk
solution and adsorbs on to the electrode surface [29]:

OZ,bqu_’ OZ,surf - OZ,ads (3)

Mattson and Bockris [29] proposed that Cu dissolution in acidic sulphate system proceeds in
two steps:

Cu = Cu(l)" +e” (fast) and (4)

Cu(l)" = Cu(I1)** +e (slow). (5)

At pH > 3.5 the rate determining step is a film formation/dissolution process, while at pH < 2.9
is a diffusion process of dissolved oxygen. Magaino suggested the formation of an intermediate Cu_,_
[30]. This species associates with an anion X" to form a complex (Cu®), X™ which then diffuses into
the bulk solution:

n Cu:ds + Xorg — [(Cu+)n X Jsurs — [(Cu+)n X" Touik (6)

Depending on the electrolyte composition, various types of solid corrosion products can be
formed at the water-copper interface [31]. Simulated rain used in this work contains NO3, HSO,,
S0,* and other anions, and the formation of compounds such as Cu,S, Cu,0, CuS, CuSO4 x 5 H,0,
etc., can be expected.

For Zn, the difference between ground and etched samples is larger; etched samples showed a
more positive corrosion potential for ~ 200 mV and a plateau in the cathodic region (Figs. 2c,d). The
shape of the etched curve is consistent with both 2e” and 4e” oxygen reduction coupled with ZnO
reduction [32]. At potentials about 500 mV lower than E.o, hydrogen generation occurs by reduction
of water (eq. 7):

2H,0 + 2" — H, + 20H™ (7)

and the ZnO film formed during sample preparation is reduced to Zn. As the potential becomes
more positive the rate of H, evolution decreases. On oxide-free zinc the current density stabilizes with
the 4e” oxygen reduction process taking place:

O, + 2H,0 + 4" — 40H™ (8)

At more positive potentials, Zn oxidation to ZnO begins. As the surface starts to be covered
with ZnO the rate of 4e” oxygen reduction decreases and that of the 2e” process increases:
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O, + 2H,0 + 2¢" —» HO; + OH™ 9)

HO; + H,0 + 2" — 30H~ (10)

Further polarization results in the electrode becoming covered with ZnO and oxygen reduction
via the 2e reaction stops. At potentials more positive than Eq dissolution of zinc begins (eq. 11).

2+ -
7n — Zn“T + 2e (11)
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Figure 2. Polarization curves for bare ground (a, b) and etched (c, d) samples of Cu and Zn recorded in
simulated urban rain. Samples were modified by 20 min immersion in a 0.05 M ethanol
solution of stearic acid (SA).

Magaino et. al. [33] suggested that the initial step of zinc dissolution in simulated acid rain is
the charge transfer reaction resulting in formation of adsorbed species, ZnZ,.. It is not clear whether
Zn},_ is oxidised to Zn?" ions directly or through the formation of ZnZ3_. In aerated Na,SO, solution
Zn', Zn" and ZnOHags species have been proposed [34].

Potentiodynamic curves recorded for ground and etched Cu and Zn samples modified by SA
are presented in Fig. 2. The results for brasses are given in Table 2. The effect of SA was larger on Cu
than on Zn. For Cu, both cathodic and anodic current densities were reduced. For the etched sample

the decrease was up to two orders of magnitude, while for Zn the effect was greater for the cathodic
part.
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The inhibition effectiveness, IE, of the modified surfaces was calculated according to the
equation (12): _
IE(%] — Jeorribare)” Jeorrimod) + 100 (12)

7 corr{bare)

where jeorrware) @Nd jeorr(mod) re the corrosion current densities for a bare surface and for a surface
modified by carboxylic acid. SA achieved IE values ranging from 49% for Zn to 99% for Cu40Zn
(Table 2). The values for Cu and brasses were similar and ranged from 96% to 98.5 %. Etched samples
showed higher IE values than ground samples. The difference in IE between ground and etched sample
was the highest for Zn (~ 40%), while that for Cu and alloys was up to 5%.

Contact angles of samples immersed in SA were generally higher for etched than for ground
samples (Table 3). Compared to unmodified samples (Table 1), samples modified in SA exhibited a
hydrophobic surface (® > 90°). Based on these results, further measurements were performed on
etched samples since they were more inhibition effective.

Table 3. Mean values of contact angles (®) of water drops measured on etched surfaces of samples
after immersion in 0.05 M stearic acid in ethanol for 20 min.

sample e/°

SA, ground SA, etched
Cu 110 114
Cul0Zn 94 101
Cu40Zn 104 104
Zn 105 122

3.2 The effect of carboxylic acid chain length

Potentiodynamic curves for bare and modified samples recorded in simulated urban rain are
presented in Fig. 3. Regardless of the length of carboxylic acid, both anodic and cathodic reactions on
Cu were suppressed (Fig. 3a). The decrease in current density increased with increasing length of the
carbon chain. For Cu samples modified in DA, MA and SA, a passive region was observed. The IE
increased from 34% for HA to 98.5% for SA (Fig. 4). For both brasses modified with HA (Fig. 3b and
3c) the cathodic and anodic current density was greater than that for bare samples and, consequently,
the IE is negative (Fig. 4). For brasses modified with DA, MA and SA, the current density was less
with increasing carbon chain length. Consequently, the inhibition effectiveness, IE, was greater. The
formation of a passive range was not so pronounced for brasses as for Cu, except for Cu10Zn in MA
solution. The carboxylic acids act as a mixed type of inhibitor for Cu and brasses because they
influence the cathodic and anodic current density.

Self-assembled layers of n-alkanoic acid (CH3(CH),COOH), m=2-18,22) were easily formed
on the native oxide surfaces of Cu [15]. The Cu" ions react with n-alkanoic acid molecule to form
copper carboxylate:

Cu” + CH3(CH2),COOH— Cu[CH3(CH,),COQ] + H* (13)
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In the case of released Zn* ions, zinc carboxylate can form according to the following reaction

[35]:
Zn** + 2CH3(CH,)mCOOH— Zn[CH;3(CH2)nCOO], + 2H* (14)
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Figure 3. Polarization curves for etched bare and modified Cu (a), Cul0Zn (b), Cu40Zn (c) and Zn (d)
in artificial simulated urban rain. Modified surfaces were prepared by 20 min immersion of the
samples in 0.05 M ethanol solution of hexanoic acid (HA), decanoic acid (DA), myristic acid
(MA) and stearic acid (SA).

The IE of modified Zn samples increased with increasing carbon chain length from 23 % for
HA to 49 % for SA (Fig. 4). For Zn, carboxylic acids act mainly as cathodic inhibitors. As for Cu and
brasses, the largest difference was observed between HA and DA, while MA and SA showed similar
IE values.

The contact angles of modified samples were more than 90° for all acids (Table 4). Values of
contact angles did not increase linearly with increasing length of the carbon chain. In the case of Cu
and Zn they were highest in SA, for Cul0Zn in HA and, for Cu40Zn, the contact angle was highest in
DA. The difference of contact angles in various acids was not statistically significant. Boisier et al.
[10] reported that the contact angles for surfaces modified with different carboxylic acids do not
change after the carbon chain length of the carboxylic acid was long enough to confer a hydrophobic
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effect. In the present work the length of the carbon chain was observed to affect the inhibition
effectiveness to a greater extent than it affects the values of contact angles (Table 4, Fig. 4).
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Figure 4. The effect of length of carboxylic chain of the carboxylic acid (hexanoic acid (HA),
decanoic acid (DA), myristic acid (MA) and stearic acid (SA)) on the inhibition effectiveness
(IE) for Cu, Zn, Cul0Zn and Cu40Zn immersed for 20 min.

Table 4. Mean values of contact angles (®) of water drops measured on surfaces of etched bare
samples and etched samples after 20 min immersion in 0.05 M ethanol solution of different
carboxylic acids (hexanoic acid (HA), decanoic acid (DA), myristic acid (MA) and stearic acid

(SA)).
sample 0/° ‘
bare, etched HA DA MA SA
Cu 63 104 111 96 114
Cul0zZn 59 108 104 92 101
Cu40Zn 61 98 106 100 104
Zn 74 100 113 104 122
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Figure 5. SEM images of an etched Cu surface after 20 min immersion in 0.05 ethanol solution of a)
decanoic acid (DA), b) myristic acid (MA) and c) stearic acid (SA). Insets show the images of
water drops; the resulting contact angles are presented in Table 5.

SEM images of the surface of self-assembled layers formed on Cu after 20 min immersion in
0.05 M ethanol solution of DA (Fig. 5a), MA (Fig. 5b) and SA (Fig. 5¢) are presented. DA formed a
self-assembled layer which completely covered the surface of Cu (Fig. 5a). The layer was thinner than
in the case of MA and SA. The MA formed a self-assembled layer of plates of different size and shape
(Fig. 5b). The SA formed flower-like clusters; the surface underneath can be observed indicating that it
was not completely covered (Fig. 5c). These results lead to the conclusion that carbon chain length of
the carboxylic acid affects the morphology of the self-assembled layers. For the samples presented in
Fig. 5 the values of contact angle ranged from 111° for HA to 96° for MA and 114° for SA (Table 4).

3.3 The effect of immersion time
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Figure 6. Polarization curves for etched bare and modified Cu (a), Cu10Zn (b), C40Zn (c) and Zn (d)
in simulated urban rain. The surfaces were modified by immersion of the samples in 0.05 M
ethanol solution of myristic acid (MA) for different times of immersion (1 min, 20 min, 1 day
and 6 days).
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The effect of immersion time on the effectiveness of inhibition and the hydrophobicity was
investigated for Cu, Zn, Cul0Zn and Cu40Zn immersed in 0.05 M ethanol solutions of MA and SA,
for immersion times from 1 min to 6 days. Potentiodynamic curves of the modified samples were
measured in simulated urban rain (Fig. 6 for MA and Fig. 7 for SA). The IE values are presented in
Fig. 8.

3.3.1 Myristic acid

Modified surfaces of Cu in a 0.05 M ethanol solution of MA showed, compared to bare Cu,
cathodic and anodic current densities lower by up to two orders of magnitude after 1 min and 20 min
immersion, and by up to three orders of magnitude after immersion for 1 day and 6 days (Fig. 6a). A
passive region was established whose extent increased with increasing time of immersion. The
corrosion potentials of modified Cu samples did not change significantly compared to those for bare
Cu. IE for Cu was already high after 1 min immersion and reached a maximum value of 99.4% for a 1
day immersion, and then remained similar for up to 6 days (Fig. 8a).
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Figure 7. Polarization curves for etched bare and modified Cu (a), Cu10Zn (b), Cu40Zn (c) and Zn (d)
in simulated urban rain. The surfaces were modified by immersion of the samples in 0.05 M
ethanol solution of stearic acid (SA) for different times (1 min, 20 min, 1 day and 6 days).
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Corrosion potentials for modified Cul0Zn samples were shifted negatively relative to the bare
sample (Fig. 6b). The cathodic and anodic current densities decreased by up to two orders of
magnitude after 6 days immersion. As for copper, a passive region was established for the modified
samples. The IE was 95.0 % after 1 min immersion, increased to 99.8 % for a 1 day immersion and
slightly less after a 6 days immersion (Fig. 8a). Modified samples of Cu40Zn behaved similarly to
Cul0zn samples (Fig. 6¢). The IE increased, reaching a maximum after 20 min immersion, and then
decreased to 96.5 % for 6 days immersion (Fig. 8a).

Modified samples of Zn showed a lower cathodic current density, and a shift of corrosion
potential in the negative direction relative to bare samples (Fig. 6d). No passive region was observed.
Much lower IE values were obtained than for Cu and brasses. IE increased from 22 % for 1 min
immersion to 41 % for 20 min immersion and then remained relatively constant for up to 6 days (Fig.
8b).
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Figure 8. The effect of immersion time on inhibition effectiveness (IE) for Cu, Zn, Cul0Zn and
Cu40zn immersed in 0.05 M ethanol solution of myristic acid (a,b) and stearic acid (c,d). Mean
values with standard deviations are presented.

3.3.2 Stearic acid

Potentiodynamic curves of Cu samples modified in ethanol solutions of SA (Fig. 7a) for
different immersion times and recorded in simulated urban rain were similar to those for MA (Fig. 6a).
The passive region was established after 1 min immersion and its extent increased with longer
immersion. The corrosion potentials for 1 min, 20 min and 6 day’s immersion shifted slightly in the
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positive direction relative to the bare sample; only for 1 day’s immersion was it shifted in the negative
direction. The IE increased with increasing time of immersion from 98.1 % after 1 min to 99.7 % after
6 days (Fig. 8c). The dependence of IE on immersion time was similar to that for samples immersed in
MA. The IE for samples immersed in SA was slightly higher than those for MA.

The current densities for modified Cu10Zn and Cu40Zn (Figs. 7b and 7c) samples decreased by
two orders of magnitude with increasing immersion time. The shape of the curve was similar to that
for MA, as well as for the values of IE (Fig. 8c). For Cu40Zn the value of IE was quite low (~88 %)
after 1 min immersion, but increased with longer immersion (Fig. 8c). Cu40Zn samples immersed in
MA for 1 min and 1 day had a higher IE than when immersed in SA. The cathodic and anodic current
densities of modified Zn samples decreased, but a further increase in immersion time did not
significantly affect the current density (Fig. 7d). Compared to MA, the IE values were higher.

SEM images of self-assembled layers (Fig. 9) were taken after various immersion times (20
min, 1 day and 6 days) for Cu (Fig. 9a, 9b and 9c) and Zn (Fig. 9d, 9e and 9f) in 0.05 M ethanol
solutions of SA. After 20 min immersion there were some flower-like clusters about 10 um in diameter
on the surface of Cu (Fig. 9a). The surface was not completely covered with these clusters as the bare
Cu surface could be seen underneath.

Figure 9. SEM images of Cu (a, b, ¢) and Zn (d, e, f) surfaces after immersion in 0.05 ethanol solution
of stearic acid (SA) for different times of immersion (20 min, 1 day and 6 days). Inserts show
the images of water drops; the resulting contact angles are presented in Table 5.

The contact angle of the surface was 114° and the IE 98.5 % (Table 5). After 1 day of
immersion the clusters grew in size and density and the surface was completely covered with small and
larger flower-like sheets (Fig. 9b). Nano-particles were formed between the sheets. These sheets allow
air to be trapped more easily in the small caves on the surface. The contact angle and the IE increased
(136° and 99.4 %) compared to 20 min immersion (Table 5). After 6 days immersion the surface of Cu
was fully covered with sheets that were more similar in size and shape to each other (Fig. 9c). The
contact angle and IE were almost the same as after 20 min immersion (135° and 99.7 %) (Table 5).
Flower like structures formed in the presence of SA on surface of Cu have been observed by other
authors [14,36].
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Table 5. Mean values of contact angles (®) and inhibition effectiveness (IE) for Cu and Zn after
immersion for 20 min, 1 day and 6 days in 0.05 M ethanol solutions of stearic acid.

time of immersion

20 min 1 day 6 days

O/° IE/% ®/° IE/% ®/° IE/%
Cu 114 98.5 136 99.4 135 99.7
Zn 122 49.1 106 43.1 128 58.4

Clusters of plates were formed on Zn after 20 min immersion in ethanol solution of SA (Fig.
9d). Individual plates grew with increasing immersion time. After 20 min immersion, the contact angle
decreased from 122° to 106° after 1 day immersion. At the same time the IE decreased from 49.1 % to
43.1 % (Table 5). After 6 days immersion the surface of Zn was covered with clusters of plates (Fig.
9f) but to a much smaller extent than the surface of Cu (Fig. 9¢). The contact angle and IE increased to
128° and 58.4 %. There is a clear relationship between the changes in surface morphology and the
resulting parameters: dense plate-like structures on Cu showed higher contact angle and IE than the
modified Zn surface.

These results confirm that the same carboxylic acid can form different shapes of self-assembled
layers on different metals [17]. The time of immersion affected the density and the size of clusters
formed on the surface. The process of self-assembly of the layers was rapid, since samples modified
after 1 min immersion in MA exhibited IE above 90 % for Cu and brasses, but only 21 % for Zn. For
SA, the IE were over 87 % for Cu and brasses, and much less (37.1 %) for Zn (Fig. 8).

3.4 The effect of concentration
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Figure 10. Polarization curves for etched bare and modified Cu (a), Cu10Zn (b), Cu40Zn (c) and Zn
(d) in simulated urban rain. The surfaces were modified by 20 min immersion of the samples in
0.01 M, 0.05 M and 0.1 M ethanol solution of myristic acid (MA).
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The effect of molarity of MA and SA (from 0.01 M to 0.1 M) on the effectiveness of inhibition
and on contact angles was investigated following 20 min immersion. Potentiodynamic curves in
simulated urban rain for the modified samples are presented in Fig. 10 for MA and Fig. 11 for SA. The
corrosion parameters are presented in Fig. 12a and 12b for MA and, for SA, in Figs. 12c and 12d.

3.4.1 Myristic acid
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Figure 11. Polarization curves for etched bare and modified Cu (a), Cul0Zn (b), Cu40Zn (c) and Zn
(d) in simulated urban rain. The surfaces were modified by 20 min immersion of the samples in
0.01 M, 0.05 M and 0.1 M ethanol solution of stearic acid (SA).

Values of corrosion potentials for modified Cu (Fig. 10a) samples had values similar to those
for bare Cu. For the modified samples, the anodic and cathodic current densities decreased by up to
three orders of magnitude and a passive region was established which increased with increasing
molarity. The IE was high (96 - 97 %) for all concentrations tested (Fig. 12a). The contact angle
decreased from 114° to 97° with increasing molarity (Table 6). For modified Cul0Zn and Cu40Zn
(Fig. 10b and 10c), the values of E¢. were shifted more in the negative direction than for Cu. The
shape of the curve was similar to that for Cu, the extent of the passive region depending on the
molarity of the acid. Both alloys reached high IE values, similar to those for Cu (Fig. 12a), and also
similar contact angles (Table 6).
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Figure 12. The effect of the molarity of myristic acid (MA) (a,b) and stearic acid (SA) (c,d) in ethanol
solution on the inhibition effectiveness (IE) for Cu, Zn, Cul0Zn and Cu40Zn immersed for 20
min. Mean values and standard deviations are presented.

Table 6. Mean values of contact angles (®) of water drops measured on surfaces of etched samples
modified by immersion for 20 min in solutions containing various molar concentrations of
myristic (MA) and stearic acid (SA) in ethanol.

MA

SA

0.01 M 0.05 M 0.1M 0.01 M 0.05 M 0.1M
Cu 114 96 97 109 114 106
Cul0Zn 100 92 92 103 101 100
Cu40Zn 103 100 104 104 104 104
Zn 103 104 97 103 122 101

3.4.2 Stearic acid

Corrosion potentials of modified Zn (Fig. 10d) samples were shifted in the negative direction
compared to those for bare Zn. The IE increased from 39.2 % to 48.5 % with increasing molarity (Fig.
12b). The contact angles for 0.01 M and 0.05 M were almost the same and decreased slightly for a 0.1
M solution (Table 6).

Except for a slight positive shift of Eco, the shape of the curve for Cu in SA was as that for
MA (Fig. 11a). However, the IE achieved at low molarity was much lower than for MA, but was
greater in more concentrated solutions (Fig. 12a). The IE was 82 % for 0.01 M and 98.9 % for 0.05 M
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solution (Fig. 12¢). The contact angle increased from 109° for 0.01 M to 114° and then decreased to
106° (Table 6). As observed for Cu, the passive region of modified Cul0Zn and Cu40Zn samples
increased with increasing molarity (Fig. 11b and 11c). At the same time the values of current density
decreased over the whole potential range. The corrosion potentials were shifted in the negative
direction. The contact angles were almost the same for all molarities (Table 6). Both alloys reached
similar IE values (Fig 12c). Polarization curves for Zn are similar to those in MA (Fig. 10d). The
values of contact angle were between 103° and 122° (Table 6). The IE increased from 42 % for 0.01 M
to 60.5 % for 0.1 M solution (Fig. 12d).

Summarizing the results of the effect of acid molarity (Fig. 12), the largest difference was
observed at low molarity (0.01 M). For Cu and brasses the values of IE were high (> 95 %) in MA but
substantially lower in SA. For concentrations > 0.05 M, high IE were achieved in both acids. For Zn,
the IE values were higher in the presence of SA. The contact angles did not increase with increasing
molarity of the carboxylic acids, indicating that the self-assembled layers are already hydrophobic at
low molarity.

4. CONCLUSIONS

The effect of carboxylic acids as corrosion inhibitors for Cu, Zn and brasses, tested in
simulated urban rain, is dependent on the pre-treatment, type of metal, type of carboxylic acid, the
concentration of the latter and the period of immersion.

-Using the etching procedure as a pre-treatment, higher surface roughness, larger contact angles
and better corrosion resistance were achieved compared to the ground sample. Pre-treatment was
essential for achieving high inhibition effectiveness.

-Carboxylic acids achieved high IE (95 %) on Cu and Cul0Zn, somewhat less on Cu40Zn, and
relatively little (~ 50 %) on Zn.

-The IE increased with increasing carbon chain length of the carboxylic acids. MA and SA are
better corrosion inhibitors than the short chain acids HA and DA. For brasses, HA even acts as a
corrosion accelerator. MA achieved better inhibition at a lower concentration (0.01 M) than SA, which
peaked at 0.05 M and then levelled-off slightly at 0.1 M. In contrast, the effect of SA increased at 0.05
M and remained stable at 0.1 M.

-All carboxylic acids formed a hydrophobic, self-assembled layer. Contact angles were more
than 90°. The morphology of layers differed for different carboxylic acids, longer chains allowing air
to be trapped in the holes and groves. The contact angles were independent of the length of the carbon
chain. The results show that carboxylic acids with different carbon chain lengths form different shapes
of self-assembled layers on same metal, and the same carboxylic acid forms differently shaped self-
assembled layers on different metals.

-The time of immersion in ethanol solution affects the inhibition effectiveness of carboxylic
acids. Self-assembly is a rapid process, an IE of over 87 % being achieved after just 1 min immersion
for Cu and brasses, and over 21 % for Zn.
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-Zn was affected by immersion time more than Cu and alloys, which achieved much higher
values of IE at all immersion times tested. Plate-like morphology, including nanoparticles, was formed
on Cu in stearic acid, with the number of plates increasing with increasing immersion time. This micro
textured surface provided an effective barrier to corrosive solutions. Furthermore, the surfaces became
hydrophobic. The layers formed on Zn show a much smaller number of plate-like products, indicating
that the morphology affects the effectiveness of inhibition.

-The optimum conditions for corrosion protection of Cu, Zn and brasses include the etching of
the surface of bare samples for 30 s in 10 % HNOg3, the use of long carbon chain carboxylic acids and
longer immersion times (in days).
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