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ABSTRACT

The inhibitry action of polyaspartic acid (PASP) on copper in 3% citric acid was studied at a temperature
range of 20°C-50°C using electrochemical impedance spectroscopy (EIS). The results revealed a good
inhibitor efficiency of PASP within this concentration range. The inhibitor efficiency (1) reached 91.5%
with the PASP concentration of 1 g/L. Data obtained from EIS were analyzed to model the corrosion
inhibition process through an equivalent circuit. The adsorption of PASP on the surface of copper was
found to be consistent with the Langmuir adsorption isotherm.
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1. Introduction

Copper is commonly used as a material in heating and
cooling systems owing to its excellent thermal conductiv-
ity, good corrosion resistance and mechanical workability.
Copper dose not usually corrode in neutral media, but the
atmosphere of industrial area often containing SO, H,S,
NOX and NOX results in the corrosion of the copper surface
[1]. There are several ways of reducing the rate of corrosion
in metals. Chemical inhibitors are one of the most practical
means of protecting copper from corrosion in acidic media
[2-4]. Polyaspartic acid (PASP) has been synthesized and
used [5,6] as an environmentally friendly water treatment
agent [7,8]. A new kind of polymer, PASP is biodegradable
and the products of its degradation can be used as fertilizers.
Therefore it is widely used in scale inhibition, cleaning and
medicine [9-11]. Citric acid is an organic acids and has little
causticity to metal.

* Corresponding author.

2. Experimental
2.1. Instruments and reagents

The experimental material was copper with an exposed
area of 0.07 cm?® Copper electrode of the exposed surface was
made by polishing mechanically to a smooth surface finish,
using emery paper down to 1,200 grade, washing with dis-
tilled water and drying in the air. All of the solutions were
prepared using distilled water. All of the electrochemical
experiments were carried out in a three electrode set-up,
using CHI660B (Shanghai, China) model electrochemical
analyzer under computer control. The counter electrode was
a platinum foil and saturated calomel electrode electrode was
used as the reference. All of the potential values refer to this
electrode.

2.2. Electrochemical techniques

Electrochemical measurements were carried out
using a CHI660B electrochemical workstation (Chenhua
Instruments, Inc., Shanghai, China). For potentiodynamic
polarization experiments the voltage sweep range was from
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-300 to +300 mV at a scan rate of 1 mV/s. Impedance spectra
were recorded with an open corrosion potential in the fre-
quency ranges from 0.05-100 kHz.

3. Results and discussion
3.1. Potentiodynamic polarization

As shown in Fig. 1, the polarization behavior of copper
in 3% citric acid at 20°C in the absence and presence of PASP
was investigated. The electrochemical data are presented in
Table 1. The inhibition efficiency (n) at each concentration
was calculated using the following equation [10]:

I,-1
n =t 100% 1)

0

Here, I)and I _ are the corrosion densities in the absence
and presence of the inhibitor, respectively. Upon the addi-
tion of different concentrations (0.00, 0.05, 0.10, 0.50, 1.00
and 2.00 g/L) of PASP, both the cathodic and anodic current
densities were decreased. Based on the negative shift in the
corrosion potential and the obvious decrease in the cathodic
current density with the increasing PASP concentration,
PASP is considered an inhibitor of the predominate cathodic
effect to protect copper in citric acid [12,13]. From Fig. 1 and
Table 1 we can see that PASP has a good inhibition effect on
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Fig. 1. Tafel plots of copper electrodes with different

concentrations of PASP at 20°C.

Table 1

the corrosion of copper in citric acid and that the inhibition
efficiency of PASP increases with increasing concentrations.
In the experimental range, when PASP concentration was
1.00 g/L, the inhibition efficiency was 90.5% at 20°C.

3.2. Electrochemical impedance spectroscopy (EIS) measurements

As shown in Fig. 2, electrochemical impedance analy-
sis from 0.05 to 100 kHz at open circuit potential was also
performed.

Fig. 2 shows the Nyquist plots for copper in the absence
and presence of various concentrations of PASP at different
temperature. The presence of inhibitor led to changes in the
impedance plots in both shape and size. At higher frequen-
cies, we can see a capacitive loop, which can be attributed to
a faradaic process. Another loop involved the double-layer
capacitance element [14]. In the copper corrosion in oxygen-
ated solutions at E_the anodic reaction is copper dissolu-
tion and the cathodic reaction is oxygen reduction [15]. The
reaction equation is as follows:

Anodic:
Cu-2e - Cu* )
Cu-e — Cu® (3)
Cathodic:
O,+4H"+4e — 2H,0 4)

As shown in the impedance diagrams, we can see that the
size of the capacitive increases with the increasing concentra-
tion of PASP. This indicated that PASP increased the charge
transfer resistance, and it had an inhibiting effect on copper
corrosion. By considering the Nyquist spectra obtained at the
temperature of below 40, we found that the Warburg imped-
ance disappeared with the present PASP. At higher tempera-
tures, the Warburg impedance appeared at different concen-
trations of PASP. The Nyquist plots changed, including both
in the increase of capacitive loop and the disappearance of
the Warburg impedance, indicating that increasing num-
bers of inhibitor molecules had adsorbed on the surface of
by increasing the concentration of PASP, which showed that
PASP had an inhibitory effect on copper corrosion [16]. The
Warburg impedance could be attributed to oxygen transport
from the bulk solution to the copper surface [17,18].

Fig. 3 shows a typical bode plots of the electrochemical
impedance spectroscopy (EIS) spectra of the Cu electrode in

Electrochemical parameters of Tafel curves with different concentrations of PASP at 20°C

20°C E (mV) b, (mV) b, (mV) Leore (A) n(%)
0.00 g/L PASP -0.034 8.321 3.538 3.647 x 10°° ~

0.05 g/L PASP -0.028 9.331 3.249 1.489 x 10 53.7
0.10 g/L PASP -0.026 10.00 3.961 8.881 x 10”7 75.6
0.50 g/L PASP -0.033 10.34 4.207 5.849 x 107 84.0
1.00 g/L PASP -0.044 11.89 4.419 3.451 x 1077 90.5
2.00 g/L PASP -0.051 15.15 5.038 1.783 x 107 95.1
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Fig. 2. Nyquist plots for purity copper in 3% Citric acid with different concentrations of PASP at different temperatures.

3% citric acid solution with different concentrations of PASP
at 20°C. As shown in Fig. 3a, the impedance of copper in
3% citric acid showed slower values, which increased with
the concentrations of PASP, especially at lower frequencies,
which indicates the passivation of the surface against cor-
rosion by adsorption of PASP mokecules. We can see three
peaks in Fig. 3b, which indicated that there are three time
constants [19] in the corrosion process.

3.3. Equivalent circuit analysis

Using EQUIVCRT, an equivalent circuit was designed in
order to fit the impedance spectra in Fig. 4 at 20°C, 30°C and
40°C, and Fig. 5 at 45°C and 50°C.

As shown in Figs. 4 and 5, three time constants are nec-
essary to suitably reproduce impedance data. An equiva-
lent circuit composed of three ladder parallel R-C circuit
was used. In these circuits, R1 corresponds to the solution
resistance. The high frequency circuit R-C corresponds to the
capacitance and resistance of the surface film, most likely a
compact oxide layer; the medium frequency circuit R-C cor-
responds to the double layer capacitance and charge transfer
resistance. The lower frequency loop may be the resistance of
adsorption and desorption process.

Figs. 6 and 7 show that the measured data and simulated
data coincide very well. From Tables 2 and 3 we can also see
that the X2 is less than 10-3, which indicated that the equiva-
lent circuits are appropriate to the experimental system.
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Fig. 3. Bode plots for purity copper electrode in 3% Citric acid solution with different concentrations of PASP at 20°C.
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Fig. 4. Equivalent circuit of the Nyquist plots.
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Fig. 5. Equivalent circuit of the Nyquist plots.

3.4. Adsorption isotherm
3.4.1. Isothermal adsorption research of PASP to copper at 20°C

To get a better understanding of the electrochemical pro-
cess on the metal surface, adsorption characteristics at 20°C
were also studied. The correlation coefficient was used to
choose the isotherm that best fits the experimental data. The
results showed that the adsorption behaviour of PASP fol-
lowed Langmuir’s isotherm. Which can be expressed by the
following relation [20]:
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Fig. 6. Nyquist plots of comparing simulated results and
measured results at 20°C.

Rearranging this equation gives:

1

k (©)
Here 0O is the degree of surface coverage, C is the inhibi-

tor concentration in the electrolyte, and K is the equilibrium

constant for the process of adsorption. The plot of C/0 against

C gave a straight line as shown in Fig. 8. Therefore, the stan-
dard K can be calculated as K=4.6 x 10*L/mol. The adsorption
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constant of K; is related to the standard free energy of adsorp-
tion AG®, with the following equation:

o (—AG°J
PRt )

555

The value of 55.5 in the above equation is the concentra-
tion of water in solution in mol/L. The standard free energy
of adsorption (AG®) can be calculated, AG® = -36.14 kJ/mol

3.4.2. Effects of temperature

The corrosion process can be considered to be an
Arrhenius process [16], the inhibitor’s apparent activation
energy can be expressed as:

—Ea
I, = AEXP(RTJ 8)

where Ea is the activation energy, and A and R are the
constants. Therefore, a plot of Inl__ against 1/T will give a
straight line from which Ea can be calculated based on its line
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Fig. 7. Nyquist plots of comparing simulated results and
measured results at 45°C.

Table 2
Simulation results of Nyquist plot parameters at 20°C
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slope. The following equations without PASP (a) and with
0.5 g/L PASP (b) are as follows.

—9.18953 -0.97717

(a) lnICOIr = T (9)
(b) Il - —3.77452T— 2.99408 (10)

Fig. 9 shows the relationship about InI _ against 1/T, from
which we can calculate the Ea = 30.31 kJ/mol, Ea’ = 64.62 K]/
mol. It can be see that Ea has a higher value in the presence of
added PASP than that without it. It is obvious that this type
of inhibition retarded the corrosion process at the experimen-
tal temperatures.

The Van’t Hoff Eq. (21) is given as follows:

—AH?®
: j a1

K=Aexp[ R

From Egs. (6) and (11) the following equation is obtained:

In6
(1-6)

The plot of In6/(1—0) against 1/T in Fig. 10 will give
a straight line from which we can calculate the AH, based
on its line slope AH = -60.148 kJ/mol. Accordmg to the
hermodynamic basic equation AG = AH-TAS, AS can be
calculated at the designed experimental temperatures,
AS =156.3 J/mol.

_InA+InC-AH°
RT

(12)

3.4.3. Thermodynamic parameters and discussion of PASP

The negative values of AG ensure the spontaneity of the
adsorption process and stability of the adsorbed layer on
the copper surface. Generally, values of AG around -20 kJ/
mol or lower are consistent with the electrostatic interaction
between the charged molecules and the charged metal
(physisorption), and these around —40 kJ/mol or higher
involve charge sharing or transfer from organic molecules
to the metal surface to form a coordinate type of bond
(chemisorption) [22-24].

The values of thermodynamic parameters for the
adsorption of inhibitors can provide valuable information
about the mechanism of corrosion inhibition. AH < 0 indi-
cated that the adsorption process is an exothermic process.
The AS values in the presence of PASP are positive, mean-
ing that an increase in disordering takes place in going from
reactants to the metal-adsorbed species reaction complex.

Parameter concentration R,/Q R/Q R/Q CJF Q n R/Q C,/F X? /%
0.0 g/L 12.4 295 359.2  4x10° 5x10* 069 2507 5x107 6x10* ~
0.1g/L 14 320 585 2x10° 3x10* 067 7,836 3x107 6x10* 68
0.5g/L 26 486 1,132 15x10° 2x10* 0.61 9,977 2 %107 5x10* 75
1.0 g/L 36 513 2,031 1.0x10° 1x10° 0.60 15,341 1x107 4x10* 84
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Table 3
Simulation results of Nyquist plot parameters at 45°C

Concentration Parameter Deviation X? /%
R =216 88.13
C,=253x10* 15.01
R,=292 5.09
R, =249 8.51

0.00 g/L PASP C,=351x10* 13.3 6.42 x 10 ~
Q,=447x10° 5.02
n, = 0.666 0.95
R,=726 3.72
W=220x103 3.04
R,=3.54 89.2
C,=713x10" 5.50
R,=335 52.5
R,=732 9.32

0.05 g/L PASP C,=1.00x 10" 107 7.396 x 10~ 442
Q,=717x10"° 19.8
n,=0.536 5.05
R,=1198 3.27
W=170x107 5.26
R, =6.31 28.5
C,=346x10" 5.10
R,=345 51.3
R, =898 5.25

0.10 g/L PASP C,=9.48x107" 105 6.52 x 10+ 499
Q,=237x107 15.2
n,=0.599 3.32
R,=1271 2.80
W=219 %107 5.85
R, =318 36.3
C,=33x10° 3.44
R,=378 20.5
R,=828 3.41

0.50 g/L PASP C,=1.07x10° 423 191 x10* 60.1
Q,=643x10° 8.88
n, =0.744 1.57
R,=1967 2.68
W=217x1073 4.78

07 | 4. Conclusion
oer ;°°Co 00967 e The electrochemical measurements demonstrated
e=0.
0.5 that under these experimental conditions, the inhibi-
S o4 tion efficiency increased with increasing PASP con-
€ os centration. The best performance efficiency of PASP
S 02 on copper was 95.1%, which took place in 2.0 g/L

PASP at 20°C. At the same concentration of PASP, the
inhibition efficiency decreased with the temperature

0.0 ] ) ) ) ) ) ) raised.
0.0 01 02 0.3 04 05 06 0.7 ® Equivalent circuit was obtained using EQU software
¢/(mmol/L) based on experimental data. At 20°C, 30°C and 40°C, the
Fig. 8. Curve fitting of the corrosion data for copper electrode equivalent circuit is R(C[R(CR)(QR)]). At 45°C and 50°C

according to Langmuir thermodynamic kinetic model at 20°C. the equivalent circuit is R(C[R(CR)(Q[RW])]).
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* Under these experimental temperatures, the adsorp-
tion of PASP on copper surface was found to follow the
Langmuir isotherm model, and it was a spontaneous
exothermic process. This process may involve a mixture
between physisorption and chemisorption.
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