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In this study, the effect of some factors on the behavior of the galvanic couples between magnetite and 
iron, were investigated in aqueous solutions containing EDTA and ferrous ion; in which magnetite 
dissolved reductively. Different ratios between iron areas to magnetite area were studied. The 
experiments simulate the case of magnetite film partially removed from iron surfaces in the course of 
chemical cleaning when coupling conditions occur with variable area ratios with time. The effect of 
ferrous ion concentration, EDTA concentration, solution pH and temperature were studied. The couple 
potential and individual currents of magnetite and iron were used, which revealed that the reductive 
dissolution of magnetite increase with either pH decrease or temperature increase. At [EDTA] = 
0.02M, and when [Fe2+] increase in the solution, the rate of magnetite dissolution increases. On the 
other hand, at [Fe2+] = 0.02, the increase in [EDTA] will cause a larger increase in dissolution rate.    
The effect of pH on the dissolution rate of magnetite and iron was investigated in the range 2.5 – 4.5. 
Higher current values recorded at pH 2.5 then decreases with the increases in the pH.  This effect can 
be expected from the reductive dissolution equation, which is related with proton concentration. When 
temperature increases in the range 40oC to 65oC the dissolution rate also increases. 
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1. INTRODUCTION 

It is now a common practice to chemically clean boilers and heat exchangers to remove 
deposits, sludge and thick oxide build up of which magnetite is the main constituent [1]. 

Several processes and formulations are being used to chemically clean the fould steam 
generators. The minerals acid based processes used earlier are giving way to the new mild organic acid 
based chemical cleaning processes [2]. 
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The generic iron oxide removal chemical cleaning process using EDTA as a chelate was 
developed [3,4], and commercially applied at many nuclear power plants. [5]  

It is well known that EDTA’s a strong complexing agent for various transition metal ions and it 
has been successfully as a main constituent of the chemical cleaning formulations. Temperature, pH, 
presence of reducing or oxidizing agents, the complexing power of the pH adjusting agents, presence 
of corrosion inhibitors and surfactants can all affect the dissolution behavior of the various constituents 
of the sludge by EDTA. [6] 

In a previous study, the effect of Fe area to magnetite area ratio was investigated [7]. In This 
work we study the effects of some experimental factors that are very common during chemical 
cleaning of the boilers and heat exchangers on the galvanic couple behavior. These factors are solution 
pH, temperature, [Fe2+] and [EDTA]. 
 
 
2. EXPERIMENTAL PART 

The work has been conducted at 40oC in an aqueous solution containing 0.1M NaClO4 (as 
supporting electrolyte) and different concentrations of EDTA and Fe2+, at different pH ( by adding 
drops of sulphuric acid ). The Fe2+ adding as solid salt after N2 following in solution in test cell for 
half hour before measurements starts, and to its end, to avoid its oxidation by air. A multi zero 
resistance ammeter (ZRA) from ACM Instruments was employed for electrochemical tests ( galvanic 
potential ). 

 
 
 
 
 
 
 

 
Figure 1. Scematic diagram of multi electrode 

 
Magnetite single crystal (from eSCeTe single Crystal Technology ) and Fe ( from goodfellow ) 

were the material tested, in cylinder form. Fig. 1 depicts the arrangement of the working electrode . 
The areas of the tested electrodes were chosen to make the four following ratios : 1:1600, 1:400, 1:100 
and 1:25 and marked as 1, 2, 3 and 4 respectively –table 1-. 

The potential is measured against saturated calomel electrode (SCE), and all the given 
potentials are referred to this reference electrode. A large-area platinum electrode is used as the counter 
electrode. Before measurements are taken, the working electrode is polished with emery paper, and 
then washed thoroughly with doubly distilled water. Finally the electrodes are cleaned ultrasonically 
for 10 min.  

Electrochemical measurement is carried out by monitoring of OCP and the individual currents 
of magnetite and iron coupled and uncoupled  for one hour. Then recording EIS at OCP in a frequency 
range of 30 kHz to 10 mHz with an applied sinusoidal potential of 10 mV. Then the cyclic 
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voltamogramm measure by scanning the potential from –1200 mV to 500 mV by scan rate = 20 
mV/sec. 

 
Table 1. The electrodes codes 
 

 
electrode 
material 

 
WE 
no. 

 
Diameter 

(cm) 

 
Area (cm2) 

 
Ratio between 

areas in galvanic 
couple 

 
galvanic 

couple code 

 
magnetite 

code 

 
Fe code 

 

magnetite 
 

1 
 

1.0 
 

0.785 
 

- 
 

- 
 

mag. 
 

- 
 

1 
 

0.2 
 

0.0314 
 

- 
 

- 
 

- 
 

Fe 
 

2 
 

0.025 
 

0.00049 
 

1 : 1600 
 

 (g.c.1) 
 

mag.1 
 

Fe1 
 

3 
 

0.05 
 

0.00196 
 

1 : 400 
 

 (g.c.2) 
 

mag.2 
 

Fe2 
 

4 
 

0.1 
 

0.00785 
 

1 : 100 
 

 (g.c.3) 
 

mag.3 
 

Fe3 

 
 

 
Fe 

 

5 
 

0.2 
 

0.0314 
 

1 : 25 
 

 (g.c.4) 
 

mag.4 
 

Fe4 
 
 
 
3. RESULTS AND DISCUSSION 

3.1. The effect of Fe2+ concentration 

When EDTA is present in an acidic solution, magnetite dissolve reductively, according to the 
following reaction [8,9,10,11]:  

 
Fe3O4 + 8H+ + 2e- � 3Fe2+ + 4H2O                 (1) 

 
From which it can be seen that the Fe2+ concentration and the hydrogen ion concentration are 

important factors that can affect the dissolution process.  
On another hand, when magnetite galvanically is coupled with iron, the latter will dissolve to 

provide Fe2+, which forms Fe(II)-EDTA in the solution, that can acts as  effective reductant that 
converts the ferric ions Fe3+ in the oxide to Fe2+ [12].    

To study the effect of ferrous ion, a first test was conducted to explain the behavior of galvanic 
couples in the absence of Fe2+, in presence of 0.02M EDTA and pH 3.5. Its results drown in fig. 2, 
represent the variation of Ecouple and the individual currents of Fe and magnetite with immersion time. 
From this figures it can be seen that the immersion potential of the four couples have negative values. 
During the first minutes, the potential shifts to more active values, then it changes gradually until it 
reaches a constant value which is located between those for magnetite and Fe under the same 
conditions, and shifts to negative direction as Fe area increase. This agrees with Plonski [13] results 
that revealed that the couple potential always more negative than the magnetite potential. The current 
of magnetite has high negative value at immersion, and move to positive direction during the first two 
minutes, then it changes gradually until it reaches a constant value.    
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Figure 2. Variation of open circuit potential and galvanic currents with time for magnetite and Iron 
with and without coupling in different area ratios in 0.1 M NaClO4 solution containing 0.02 M EDTA  
at pH 3.5 and 40°C 

 
 
In other tests, the Fe2+ adding to EDTA solution in different concentration : 0.005 , 0.01 and 

0.02 M. These additions of Fe2+ to the test solution don't change the couples general behavior except 
the couple 1 in 0.02 M Fe2+, which behave as magnetite electrode, as shown in fig. 3. But the couples 
2, 3 and 4 behave like iron electrode, the immersion potential of them shifts to more negative values, 
then it change gradually to reach Ess which have slightly more negative values than that recorded in 
free Fe2+ solution. The difference between Ess values depend on the Fe area in the galvanic couple, as 
shown in table 2, there is a pronounced increase in the currents of magnetite and iron in the couples 2,3 
and 4. 

The difference in couple 1 behavior from the other couples can be explained depending on 
potential as Plonski [13] study, that when initial OCP for couple is more positive than the equilibrium 
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potential of the hydrogen electrode, the anodic iron oxide formation runs in parallel with iron 
dissolution in supplying electrons for magnetite reduction. The initial bare metal is recovered by black 
oxide, which was observed after test end, whereas when OCP of the couple is more negative with 
respect to the equilibrium potential of HER, the oxide dissolution and the increase in bare metal 
surface prevail and the potential-time curve decrease monotonically similarly to the case of steel 
electrodes, and in the present study to iron electrode. 
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Figure 3. Variation of open circuit potential and galvanic currents with time for magnetite and Iron 
with and without coupling in different area ratios in 0.1 M NaClO4 solution containing 0.02 M EDTA 
+ 0.02 M Fe2+  at pH 3.5 and 40°C 

 
The difference between the behavior of one couple in presence and absence of ferrous ions can 

be explained depending on Frenier and Growcock suggestion that the additives shifts the solution 
potential to negative direction accelerate magnetite dissolution [14].  
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The above results indicate that the presence of EDTA and Fe2+ in solution make a dissolution 
rate – expressed as passed current – is higher than that in presence of EDTA only. This agree with 
another studies for systems containing citric acid/Fe2+ [15], oxalate / Fe2+ [16]. 

 
Table 2. Values of Ecouple ( mV vs. SCE ) and I ( mA ) for magnetite and Iron and their galvanic 
couples in different area ratios after 1 hour immersion in 0.1 M NaClO4 solution containing 0.02 M 
EDTA + different concentration of Fe2+ at pH 3.5 and 40°C  
 

 

Galvanic couples 
 

Single electrode 
 

[Fe2+] 
 

parameter 
 

(g.c.1) 
 

(g.c.2) 
 

(g.c.3) 
 

(g.c.4) 
 

Fe 
 

mag. 
 

E 
 

-540 
 

-553 
 

-578 
 

-597 
 

-648 
 

-128 
 

Imag. 
 

-0.013 
 

-0.0144 
 

-0.013 
 

-0.0169 
 

- 
 

- 

 
0.00 

 

IFe 
 

0.013 
 

0.0145 
 

0.0131 
 

0.0168 
 

- 
 

- 
 

E 
 

-543 
 

-553 
 

-581 
 

-591 
 

-623 
 

-188 
 

Imag. 
 

-0.0178 
 

-0.0169 
 

-0.0167 
 

-0.0127 
 

- 
 

- 

 
0.005 

 

IFe 
 

0.0179 
 

0.017 
 

0.0173 
 

0.013 
 

- 
 

- 
 

E 
 

-551 
 

-577 
 

-591 
 

-604 
 

-665 
 

-174 
 

Imag. 
 

-0.0205 
 

-0.0225 
 

-0.0238 
 

-0.0223 
 

- 
 

- 

 
0.01 

 

IFe 
 

0.0204 
 

0.0226 
 

0.0238 
 

0.0222 
 

- 
 

- 
 

E 
 

-169 
 

-585 
 

-605 
 

-594 
 

-639 
 

-167 
 

Imag. 
 

-0.026 
 

-0.027  
 

-0.035  
 

-0.035  
 

- 
 

- 

 
0.02 

 

IFe 
 

 0.025  
 

 0.028  
 

 0.035  
 

 0.035  
 

- 
 

- 
 

 

Table 3. Values of Ecouple ( mV vs. SCE ) and I ( mA ) for magnetite and Iron and their galvanic 
couples in different area ratios after 1 hour immersion in 0.1 M NaClO4 solution containing 0.02 M 
Fe2+ + different concentration of EDTA at pH 3.5 and 40°C . 

�
 

Galvanic couples 
 

Single electrode 
 

[EDTA] 
 

parameter 
 

(g.c.1) 
 

(g.c.2) 
 

(g.c.3) 
 

(g.c.4) 
 

Fe 
 

mag. 
 

E 
 

-577 
 

-570 
 

-637 
 

-588 
 

-625 
 

-90 
 

Imag. 
 

-0.0219 
 

-0.0273 
 

-0.0261 
 

-0.0264 
 

- 
 

- 

 
0.005 

 

IFe 
 

0.0214 
 

0.0273 
 

0.0261 
 

0.0264 
 

- 
 

- 
 

E 
 

-555 
 

-562 
 

-631 
 

-589 
 

-670 
 

-115 
 

Imag. 
 

-0.028 
 

-0.0314 
 

-0.0331 
 

-0.0395 
 

- 
 

- 

 
0.01 

 

IFe 
 

0.027 
 

0.0315 
 

0.0331 
 

0.0395 
 

- 
 

- 
 

E 
 

-169 
 

-585 
 

-605 
 

-594 
 

-639 
 

-167 
 

Imag. 
 

-0.026 
 

-0.027 
 

-0.035 
 

-0.035 
 

- 
 

- 

 
0.02 

 

IFe 
 

0.025 
 

0.028 
 

0.035 
 

0.035 
 

- 
 

- 
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3.2. The effect of EDTA concentration 

To study the effect of [EDTA] on the galvanic couples behavior, the three solutions were used, 
containing 0.005, 0.01 and 0.02 M [EDTA], in presence of 0.02 M Fe2+ at pH 3.5. Fig. 4 and 5 shown 
the OCP results. These curves revealed that the effect of [EDTA] more pronounced than [Fe2+]. There 
is an increase in the magnetite and iron currents in all galvanic couples as [EDTA] increase, indicating 
the increase in the dissolution rate. On the other hand, the difference between the effect of 0.01M and 
0.02M EDTA is small, they can increase the dissolution more than that of 0.005M, as shown in table 3. 
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Figure 4. Variation of open circuit potential and galvanic currents with time for magnetite and Iron 
with and without coupling in different area ratios in 0.1 M NaClO4 solution containing 0.005 M EDTA 
+ 0.02 M Fe2+ (to make ratio 1:4) at pH 3.5 and 40°C 

 
 
These observations revealed that the EDTA and Fe2+ play important role in the magnetite 

dissolution, but the [EDTA] have a higher effect on the galvanic couples behavior than the [Fe2+]. This 
can be attributed to the iron in the couple which dissolved directly to make ferrous ions in the solution.  
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Figure 5. Variation of open circuit potential and galvanic currents with time for magnetite and Iron 
with and without coupling in different area ratios in 0.1 M NaClO4 solution containing 0.01 M EDTA 
+ 0.02 M Fe2+ (to make ratio 1:2) at pH 3.5 and 40°C 

 
The suggested mechanism for magnetite dissolution involves three steps. The first one 

represents an adsorption of reductive ion on the oxide surface, which depends on the ratio between 
[EDTA] and [Fe2+] presented initially in the solution [15]. This step can be presented as follow:  

 
-FeIII + [EDTA-Fe2+]2-   ↔  -FeIII-[EDTA-Fe2+]2- 

 

The second one is non-reductive dissolution which followed by a reductive dissolution by 
EDTA/Fe2+ complex. 
 

3.3. The effect of solution pH 

The effect of solution pH on the behavior of galvanic couples were studied in the range of 2.5 – 
4.5 . In fig. 6, the values of Ess and magnetite current plots at different pH, from which it can be seen 
that when pH increase from 2.5 to 4.5: 
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1. The general shape of E variation with time does not change for the couples unless the first 
couple which has a behavior near to that of magnetite alone at the same conditions. The dependence of 
E on the areas ratios does not change with pH change. 

2. For a galvanic couple the E shifts to more positive value, this shift is more clearly at 2.5 . 
3. The current of magnet decrease in its negativity. 
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Figure 6. Relations between open circuit potential and galvanic currents for magnetite and Iron with 
and without coupling in different area ratios in 0. 1 M NaClO4 solution containing 0.02 M EDTA + 
0.02 M Fe2+  at different pH and 40°C 
 

 
The dependence of passed current (I) solution pH was observed elsewhere [17]. Taking Ic 

values as indication of dissolution rate, it is clear that the reaction rate decrease logarithmically with 
increasing pH. The rate law is of the following form: 

 
log Ic = log k – m pH 
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While the rate determining step was first order accordance to H+, the reaction order can gives 
different values between 0.5-2.0 depending on the hydration, complexation and oxidation/reduction 
reactions and another factors [18]. From fig. 6, m = 0.446. This value agree with that recorded by [19] 
for magnetite dissolution in EDTANa2, which equal to 0.5.  

This effect is in accordance with the dependence of the reductive dissolution of magnetite on 
hydrogen ion activity, which can be expressed as the equation (1). 

This accelerated effect of acidic solution on the reductive dissolution can be attributed to the 
potential changes across Helmholtz layer [9]. But this may arrest the activity of complexing agent, thus 
decreasing the dissolved ferrous ion in the solution [20], which in the present study causing 
participation of EDTA when pH decrease to 2.0.   

 

-800

-600

-400

-200

0

0 600 1200 1800 2400 3000 3600

Time, sec

E,
 m

V
 v

s 
SC

E

g.c.1 g.c.2 g.c.3 g.c.4 mag Fe

 

-0.3

-0.2

-0.1

0

0 600 1200 1800 2400 3000 3600

Time, sec

M
ag

ne
tit

e 
cu

rr
en

t, 
m

A

0

0.1

0.2

0.3

0.4

Fe current, m
A

mag.2 mag.3 mag.4 mag.5
Fe2 Fe3 Fe4 Fe5

 
Figure 7. Variation of open circuit potential and galvanic currents with time for magnetite and Iron 
with and without coupling in different area ratios in 0.1 M NaClO4 solution containing 0.02 M EDTA  
at pH 3.5 and 55°C 
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Figure 8. Variation of open circuit potential and galvanic currents with time for magnetite and Iron 
with and without coupling in different area ratios in 0.1 M NaClO4 solution containing 0.02 M EDTA  
at pH 3.5 and 65°C 
 

3.4. The effect of temperature 

The second step in magnetite dissolution mechanism is non-reductive dissolution, which is a 
simple desorption process that removes reactive sites of the oxide surface. This process is usually slow 
at low temperature but becomes significant at high temperature, thus temperature is considered one of 
crucial parametered for magnetite dissolution. [17,4] 

This step can be represents by the following 
 

-Fe��� - [EDTA-Fe2+]2-  �   -Fe�� – [EDTA-Fe3+]-                (2) 
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-Fe�� + [EDTA-Fe3+]-  �   -Fe�� + [EDTA-Fe3+]-                (3) 
 
To study the effect of temperature, it changes to 55 and 65 °C, and compared with the results at 

40 °C at pH 3.5 in presence of 0.02M EDTA and 0.02M Fe2+. From fig. 7 & 8, the couple 1 behaves 
like single magnetite, whereas the other couples behavior revealed a drop in its potential in the first 
minutes followed by a steady state, with Ess. values close to that for single iron, as shown in table 4. It's 
clear that the dissolution increase with temperature increase. Activation energy for magnetite 
dissolution can be calculated by Arhenius equation  

 
Ka = Ko exp (-Ea/RT) 
 

By express the dissolution rate as current, the equation can written as   
 

Ea = -(2.3)(1.987) d(logi)d(1/T)  Kcal mol-1 

 
By plotting the logarithm of current plots vs. reciprocal of temperature, the activation energy 

values calculated for couples. From table 5, the activation energy increases with iron area in the couple 
increase. The magnitude of the activation energies associated with dissolution reactions is often used in 
interpreting the nature of the reaction mechanisms. The values in table are in accordance with those 
calculated in white et al. work, which attributed to reactions controlled by solute diffusion ( 10-20 KJ 
mol-1). 

 
 

Table 4. Values of Ecouple ( mV vs. SCE ) and I ( mA ) for magnetite and Iron and their galvanic 
couples in different area ratios after 1 hour immersion in 0.1 M NaClO4 solution containing 0.02 M 
EDTA + 0.02 M Fe2+ at pH 3.5 and different temperature . 
 
 

 

Galvanic couples 
 

Single electrode 
 

oC 
 

parameter 
 

(g.c.1) 
 

(g.c.2) 
 

(g.c.3) 
 

(g.c.4) 
 

Fe 
 

mag. 
 

E 
 

-169 
 

-585 
 

-605 
 

-594 
 

-639 
 

-167 
 

Imag. 
 

-0.026 
 

-0.027  
 

-0.035  
 

-0.035  
 

- 
 

- 

 
40 

 

IFe 
 

 0.025  
 

 0.028  
 

 0.035  
 

 0.035  
 

- 
 

- 
 

E 
 

-202 
 

-585 
 

-690  
 

-623 
 

-690 
 

-184 
 

Imag. 
 

 -0.0467 
 

-0.054 
 

-0.0739 
 

-0.074 
 

- 
 

- 

 
55 

 

IFe 
 

 0.0467 
 

0.054 
 

 0.0743 
 

0.0664 
 

- 
 

- 
 

E 
 

-184 
 

-532 
 

-597 
 

-621 
 

-685 
 

-179 
 

Imag. 
 

-0.057 
 

-0.078  
 

-0.098  
 

-0.104  
 

- 
 

- 

 
65 

 

IFe 
 

 0.057  
 

 0.078  
 

 0.090  
 

 0.102  
 

- 
 

- 
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Table 5. Values of activation energy (Kcal mol-1)  for magnetite dissolution in different galvanic 
couples calculated from fig. (3-35) and equation (3-25) 

 
 

Parameter 
 

(g.c.1) 
 

(g.c.2) 
 

(g.c.3) 
 

(g.c.4) 
 

Ea 
 

0.604 
 

0.973 
 

1.219 
 

1.325 
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