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Corrosion Inhibition of Copper and Copper Alloy in 3M Nitric Acid
Solution using Organic Inhibitors
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Abstract: The effect of the addition of organic compounds containing an amino group, such as ethylamine (EA),
ethylenediamine (EDA) and butanediamine (BDA) , on the corrosion of copper and copper alloy in nitric acid was
studied by weight loss, open circuit potential and potentiodynamic polarization techniques. The explored methods
gave almost similar results. Results obtained revealed that butanediamine is the best inhibitor and the protection
efficiency (p%) follows the sequence butanediamine > ethylenediamine > ethylamine. The effect of temperature on
the corrosion behavior of copper and copper alloy in nitric acid solution in presence and absence of inhibitor were
studied in the temperature range 30-60°C. The associated activation corrosion and free adsorption energies have
been determined. SEM examination of the copper and copper alloy surface revealed that these compounds prevented
copper and copper alloy from corrosion by adsorption on its surfaces. [Journal of American Science 2010;6(8):487-
498]. (ISSN: 1545-1003).
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1. Introduction present investigation was to study the inhibitive
Copper and its alloys have many industrial action of some aliphatic amines on the corrosion of
applications such as electronics because of their copper in the aerated 3M nitric acid solution.
excellent corrosion resistance properties as well as
their superior electrical and thermal performance [1]. 2. Experimental
Although copper is malleable and machinable, it is The investigation of inhibiting properties of
not very durable. If a high strength material is butanediamine (BDA), ethylenediamine (EDA) and
desired, copper has to be alloyed with other metals, ethylamine (EA) (Aldrich) were performed using the
such as zinc, tin, aluminum or nickel [1]. Doping weight loss method and electrochemical studies,
with divalent cations is an effective way of improving including open-circuit potential and potentiodynamic
the corrosion resistance of copper. Chemical polarization techniques, along with scanning electron
dissolution and electrolytic plating are the main microscopy (SEM). Both copper (99.9% Cu) and
processes used in the fabrication of electronic copper alloy (65% Cu- 10% Ni- 25% Zn) were tested
devices. The most widely used corrosive solution in 3 M nitric acid solution. The latter is of analytical
contains nitric acid, so this medium has induced a grade and has been used without further purification.
great deal of research on copper corrosion [2-6]. One Double distilled water was used in the preparation of
of the most important methods in the corrosion solutions. Prior to all measurements, the substrates
protection of copper is the use of organic inhibitors were etched in a 6 M nitric acid solution for 20 sec,
[7-9]. Most of the excellent acid inhibitors are then washed thoroughly with distilled water,
organic compounds containing nitrogen, sulfur and degreased with ethanol, washed again with distilled
oxygen [10-18], and heterocyclic compounds with water and finally dried at room temperature. The
polar functional groups and conjugated double bonds specimens were weighted and immersed in the
[19-23]. The inhibiting action of these organic corrosive medium.
compounds is usually attributed to their interactions The weight loss measurements were carried
with the copper surface via their adsorption. Polar out at 30, 40, 50 and 60°C using sheets of the
functional groups are regarded as the reaction center substrates with dimensions 2 x 2.5 cm?. The sheets
that stabilizes the adsorption process [24]. In general, were suspended in 20 mL solution of 3 M nitric acid
the adsorption of an inhibitor on a metal surface with and without the different inhibitors
depends on the nature and the surface charge of the concentrations (0.001-1 M) for 30 minute. The loss in
metal, the adsorption mode, its chemical structure, weight per area A (=10 cm?) in mg/cm? (W,), the
and the type of the electrolyte solution [25]. Amines corrosion rate (Reorr), and the percentage of protection
are known to be very effective inhibitors for metals efficiency (P%) were calculated over different
and alloys in different corrosion media. Srivastafa et inhibitors concentrations according to the following
al [26] found that 0-, m- and p-phenylenediamine equations:

show effective inhibition efficiencies. The aim of the
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where W, is the original weight (mg) and W; the
weight after immersion in the test electrolyte, t the
immersion time (sec), and R'ey and Rg, are
corrosion rates with and without an inhibitor,
respectively.

Two measurements were performed in each
case and the mean value of the weight loss was
reported. The open circuit potential (OCP) was
measured using pH-meter-millivoltameter type
WGPYE model 290. The OCP of copper and the
copper alloy were measured versus (SCE) saturated
calomel electrode as a function of immersion period
in 3 M nitric acid in the presence and absence of
amine derivatives till steady state values were
reached.

Potentiodynamic polarization studies were
carried out with the test specimens having an exposed
area of 1 cm? using EG&G PARC model 350A
(console) in the range from -250 mv to 1000 mv
using a scan rate of 0.5 mV/sec. The cell consisted of
test specimens as working electrode and (SCE) as
reference electrode. Two carbon electrodes were used
as counter electrodes.

Scanning electron microscope (SEM) unit
"JEOL JSM5410" was used to demonstrate the
surface morphology of different samples employing
an accelerating voltage of 30 kv. Samples were
mounted using carbon paste to ground them. The
results were obtained as computer print out.

3. Results and Discussion:
3.1- Weight loss measurement

Fig.1 and Fig. 2 show the average corrosion
rate (Reorr) Of copper and copper alloy sheets,
expressed as mg sec-* cm-% as a function of the
logarithmic concentration of BDA, EDA and EA in 3
M HNO; solution at 30°C, respectively. They
demonstrate that the addition of the organic inhibitors
decreases the corrosiveness of the acid. The corrosion
rate of copper and copper alloy depends on the
concentration of inhibitors. Their action depends on
the nature of substituent. Fig. 3 and Fig. 4 show the
variation of the protection efficiency of copper and
copper alloy respectively as a function of the
logarithmic concentration of BDA, EDA and EAin 3
M HNO; solution at 30°C. The protection efficiency
increases with increasing inhibitors concentrations.
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Also, the protection efficiency increases from EA to
EDA to BDA as shown in Table (1).

Fig. 5 and Fig. 6 show the variation of
corrosion rate of copper and copper alloy,
respectively, as a function of the logarithmic
concentrations of BDA at different temperatures. Fig.
7 and Fig. 8 show the effect of the concentration of
BDA on the protection efficiency of copper and
copper alloy, respectively, at various temperatures.
The same behaviour is observed for EDA and EA .In
general, the protection efficiency increases with
decreasing temperature. This indicates that the
adsorption of these compounds on copper and copper
alloy surfaces is a physical adsorption.

3.2- Adsorption isotherm

In order to obtain a better understanding of the
electrochemical process on the metal surface,
adsorption isotherms at 30°C were drawn. The degree
of surface coverage (0) at different concentration of
each inhibitor in acidic medium has been evaluated
from weight loss measurement according to equation

(4).
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Data related to the degree of the surface coverage

(0) were tested graphically in order to determine the
most suitable adsorption isotherm.

As shown in Fig.9 and Fig.10 the plot of C/ 6 versus
C for copper and copper alloy in 3M HNO; with
different inhibitors concentrations, yields a straight
line showing that the adsorption of these inhibitors is
well described by the Langmuir isotherm. These
isotherms are described by equation 5.

cC_1

e»-a+tC (5)

k —;ex ®Dc 0 (6)
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where C is the inhibitor concentration, k the

adsorption constant, and AG’ the standard free energy
of adsorption.

The calculated values of k and AG® of the
adsorption reaction for copper and copper alloy are
shown in Table (2). The negative value of the
standard free energy of adsorption indicates
spontaneous adsorption of these inhibitors on copper
and copper alloy. This means that the inhibitive
action of these substances results from the physical
adsorption [27] as mentioned before.
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3.3- Activation Energy

According to the Arrhenius equation, the
apparent activation energy, E,; for the corrosion
process can be determined from the slope of
logarithm corrosion rate, log R, against 1/T.

- Ea
INRr =INA -+emm— (7)
RT
where A is the pre-exponential parameter of

Arrhenius. Fig. 11 and Fig.12 show the logarithmic
plot of the corrosion rate of copper and copper alloy
in 3M HNO; as a function of (1/T) in free and
inhibited solutions respectively. For the inhibitor free
solution, the energy of activation, evaluated from
these graphs, is found to be equal to 5.733 and 7.644
KJ mol-1 for copper and copper alloy, respectively.
These values are in agreement with the literature data
[28]. In the presence of anyone of the studied
inhibitors, the energy of activation increases. For a
0.3M concentration of BDA, EDA and EA, the
calculated values of the apparent activation energies
are 15.28, 1274 and 9.55 KJ/mol for copper
respectively, and 22.93, 19.11 and 15.28 for copper
alloy, respectively. This indicates that the formation
of the adsorption film occurs by a physical
mechanism [29].

By plotting log (Reor/T) vs. (1/T) at 0.3M of
the tested inhibitors, straight lines are obtained for
copper and copper alloy as shown in Fig.13 and
Fig.14 respectively. The values of AH* and AS® can
be calculated from the slopes and intercepts of the
straight lines, respectively, Table (3).

These results indicate that copper metal
suffers from more corrosion than copper alloy. This
observation may be attributed to the relatively high
resistance of copper alloy due to the presence of
nickel. AS in the presence of additives is larger,
meaning that a decrease in disorder takes place in
going from reactant to the activated complex [30, 31].

3.4. Open circuit potential (OCP) measurements:

Copper and copper alloy sheets were kept
for 2 hour in 3 M HNO; solution in the absence and
presences of the tested inhibitors. The variation of the
steady state potential (E,) with the logarithm
concentration of the tested inhibitors for copper and
copper alloy is represented by Fig. 15 and Fig. 16. It
is clear from these curves that, as the inhibitor
concentration increases, there is a shift in the steady
state potential to less positive or more negative
direction (relative to the blank).

3.5. Potentiodynamic polarization measurements:

Fig. 17 and Fig. 18 show the
potentiodynamic polarization curves of copper and
copper alloy in 3M HNGQO; in the absence and in the
presence of the different inhibitors under
investigation. The figures show that the cathodic
current potential curves give rise to parallel Tafel
lines indicating that the hydrogen evolution reaction
is activation controlled and the addition of the studied
inhibitors does not modify the mechanism of this
process (The adsorbed molecules of studied inhibitors
have no effect on the mechanism of either copper or
copper alloy dissolution or hydrogen evolution
reaction).

The value of corrosion potential (Ecor) is
modified by the addition of compounds studied. The
addition of compounds studied decreases the current
densities in a large domain of anodic and cathodic
potentials.

3.6. Scanning electron microscope:

Fig. 19 and Fig. 20 show the morphological
images of copper and copper alloy after 1 hour in 3M
HNO; solution free and with 1 % of EA, EDA or
BDA. It is clear that the corrosion attack was more
pronounced in absence of additives, while by the
addition of different inhibitors the film formed on
copper and copper alloy surfaces becomes more
protective. The protective film is more pronounced
for BDA > EDA> EA.

Table 1: The protection efficiency of different inhibitors in 3M HNOj; solution calculated from equation 1, at 30°C
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Inhibitors Protection efficiency
Copper Coppr alloy
Butandiamine 99.66 99.90
Ethylenediamine 99.19 99.27
Ethyl amine 87.18 88.10
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Table 2: The calculated K and AG® of the adsorption reaction for copper and copper alloy in presence of different

inhibitors in 3M HNOs solution, at 30°C

Inhibitors Copper Coppr alloy

K (L mol™) AG’ (kJ mol™) K (L mol™) AG’ (kJ mol™)
Butandiamine 2750.00 -30.02 2000.00 -29.22
Ethylenediamine 1100.10 -27.71 1000.00 -27.47
Ethyl amine 613.40 -26.24 546.40 -25.95

Table 3: Thermodynamic parameters for the adsorption of different inhibitors on copper and copper alloy surfaces in

3M HNO; solution.

Inhibitors Copper Coppr alloy
AH,45, KJ mol™ -AS,4s,d Mol 'K AH,g5, KJ mol™ -AS,qs,J Mol 'K
Butandiamine 15.288 8.881 24.843 10.292
Ethylenediamine 11.466 8.051 19.110 8.47
Ethyl amine 9.555 7.138 15.288 7.47
) e 5 _
=P A 1 —
60 o =\ 50d —a
5) <
&~ 40
[ (6]
40u 5
. 5 a0e
0 g
1 § 20
ad]
% <
1 108
10
N Od
30 25 20 15 0 45 00 3 25 20 15 10 05 00
LogC LogC

Fig.(1): The corrosion rate of copper in 3M HNO;
solution in presence of different concentration of
BDA,EDA and EA.
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Fig.(2): The corrosion rate of copper alloy in 3M
HNO; solution in presence of different
concentration of BDA,EDA and EA.
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Fig.(3): The protection efficiency of copper in 3M
HNO; solution in presence of different concentration

of BDA,EDA and EA.
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Fig.(5): The corrosion rate of copper in 3M HNO;
solution in presence of different concentration of BDA,

at different temperature
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Fig.(4): The protection efficiency of copper alloy in
3M HNO; solution in presence of different
concentration of BDA,EDA and EA.

60

50

~ 404
‘0
o)
a

P @
o)
1S

;o
24

104

0+

Fig.(6): The corrosion rate of copper alloy in 3M HNO;
solution in presence of different concentration of BDA
at different temperature.
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Fig.(7): The protection efficiency of copper in 3M Fig.(8): The protection efficiency of copper alloy in 3M

HNO; solution in presence of different concentration of

HNO; solution in presence of different concentration of
BDA at different temperature.
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Fig. (9):Langmiur isotherm adsorption of Fig.(10): Langmiur isotherm adsorption of BDA EDA
BDAEDA and EA on the surface of copper in and EA on the surface of copper alloy in 3M HNO; at
3M HNO; at 30°C. 30°C.
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Fig.(11):Arrhenuis plot of copper in 3M HNO; with
and without BDA,EDA and EA.
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Fig.(13): log(Veor/T) vs. (1/T)of copper in 3M HNO;
in presence and absence of BDA, EDA and EA.

http://www.americanscience.org

493

R0 (Mg.cm?.sec™)

|
v v v v v v
3.09 319 33

T*10°

Fig.(12): Arrhenuis plot of copper alloy in 3M HNO;
with and without BDA,EDA and EA.
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Fig.(14): log(Veor/T) vs.(1/T)of copper alloy in 3M HNO;
in presence and absence of BDA, EDA and EA.
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Fig.(15):the steady state potential of copper E;, vs. the

Fig.(16): the steady state potential of copper alloy (E
logarithm of different concentrations of tested inhibitor 9.(16) Y P PP y (En)
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Fig.(17): Potentiodynamic polarization curves of copper Fig.(18): Potentiodynamic polarization curves of
in 3M HNO; in absence and presences of the tested copper alloy in 3M HNO; in absence and presences
inhibitors. of the tested inhibitors.
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Fig.(19): Scanning electron microscope of copper in free acid (a) and in presence of BDA (b), EDA
(c) and EA(d).
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Fig.(20): Scanning electron microscope of copper alloy in free acid (a) and in presence of BDA (b),
EDA (c) and EA(d).
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4. Conclusion

The corrosion rate of copper is greater than
copper alloy in the corrosive medium with or without
the addition of the inhibitor.

The addition of BDA, EDA or EA has
strong inhibiting effect for copper and copper alloy
dissolution in 3M nitric acid solution, and the
protection efficiency follows the order BDA > EDA »
EA.

The protection efficiency of BDA and EDA
are very similar, at higher inhibitor concentration,
99.6% and 99.07% respectively.

The adsorption of BDA, EDA and EA on copper and
copper alloy followed a physical adsorption.
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