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ABSTRACT 

The applicability of cathodic protection to 
mitigate corrosion of carbon steel in two different 
environments containing 82s has been investigated 
using impressed current and sacrificial anode 
techniques. 
conducted under potential control shows that the 
weight loss can be reduced significantly by 
shifting the potential of the metal 60 to 80 mV 
cathodic to the open circuit potential. The 
relationship between the applied current and the 
potential shift shows that the current requirement 
does not necessarily increase with the voltage 
shift, thus implying that the cost of cathodic 
protection may not increase in proportion to the 
protection achieved. The feasibility of using 
zinc as a sacrificial anode in the environment of 
interest has also been studied. 

Results of impressed current tests 

INTRODUCTION 

Cathodic protection is based on the electrochemical 
principle of suppressing anodic dissolution by 
means of an impressed cathodic current. 
schematic current-potential ( 1 4 )  diagram (Figure 
1) shows, among other things, a metal corroding 
according to: 

The 

M*M+ + e- (1) 

and the simultaneous reduction of an arbitrary 
ionic species z+ to z: 

Z+ + e-+Z (2)  

The figure also shows that by applying a cathodic 
current, Iapp. given by 

the metal corrosion can be reduced from IC,,, to 
Ia- 

Based on field experience, early investigators 
established that a potential of -0.85 V versus a 
copper saturated copper sulfate reference electrode 
gave absolute protection to steel in soil as well 
as in sea water. The impressed current can be 
obtained from an external power source or 
appro riate galvanic contact with a more active 
me ta . 
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Although cathodic protection is widely used in 
mitigating corrosion in many ind~stries(~-~) , it 
has not received much attention in the geothermal 
industry. Bowever, a recent study in highly 
aggressive geothermal media and up to 150°C shows 
that cathodic protection has good potential for 
successful application in geothermal environ- 
ments(6). This paper describes some of the 
results of our studies on cathodic protection 
already reported(6), as well as some additional 
results to confirm the applicability of the 
technique. 
candidate material for our investigation because of 
its widei(Ve d application in the geothermal 
industry 3 

Carbon steel was chosen as the 

EXPERIMENTAL 

The experimental 
detail elsewhere(g) . Briefly, cathodic 
protection was achieved by applying the desired 
control potential to the test specimen by a PAR 
Model 173 potentiostat in combination with a PAR 
Model 376 currentroltage converter. 
current was recorded on a BP Model 7132-A strip 
chart recorder. Two different environments were 
used. The composition of the less aggressive 
environment, termed environment 1, is shown in 
Table 1. Environment 2 was identical to 
environment 1, except that it had 1.1 g/1 of ferric 
chloride in addition, and was thus more oxidizing 
and had lower pE than environment 1. (See Table 
1). 
All tests were conducted in a one liter 
polarization cell, maintained at 90°C with a 
suitable temperature controller assembly. 
Cathodic protection by galvanic coupling was 
applied by using a zinc-carbon steel combination, 
and using a PAR Model 350 Corrosion system in the 
zero resistance anrmeter(9) mode to monitor the 
current and potential of the couple. 

RESULTS AND DISCUSSION 

rocedure has been described in 

The cathodic 

Both environments were saturated with H2S. 

Figure 2 shows the relationship between the weight 
loss of AIS1 1018 carbon steel in environments 1 
and 2 at 90°C and the shift in potential from the 
corrosion potential, A E. Each data point 
represents a test at a controlled potential on a 
freshly polished (to 600 grit) and cleaned sample 
in a fresh solution. Weight loss measurements were 
conducted following standard ASTM methods for 
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preparing, cleaning and weighing specimens(l0). 
The open cicuit corrosion rate, i.e., the rate at 
A E equal to zero are also shown in Figure 2. In 
both environments, the weight loss varies 
semi-logarithmically with - AE up to a point and 
then decreases drastically. Thus, in environment 
1, the weight loss is only 0.01 m / y  at a 
-100 mV. In environment 2,  a slight weight gain of 
0.01 m / y  was observed at -78 mV. At lower values 
of A E, the weight loss values in environment 1 are 
smaller than those in environment 2, at a 
particular value of AE. 

Figure 3 shows the relationship between 
steady state applied cathodic currents in the two 
environments. The current requirement in 
environment 1 is much smaller than that in 
environment 2. This is however expected because 
environment 2 is much more aggressive than 
environment 1 due to the presence of FeC13 in 
environment 2. 

It is of interest to note that the current does not 
increase proportionately to BE in either of the two 
environments (Figure 3 ) .  In fact, in both cases, 
there was a drop in the current requirement at 
higher (absolute) values of AE. Thus, in 
environment 1, the current at a B E  of -100 mV was 
about 30% smaller than that at -28 mV. In 
environment 2, there was a sharp rise in current at 
an intermediate value of A E. followed by a 
significant drop in current at -78 mV. 

The reason behind the sharp drops in current is 
that the surface of the metal often undergoes 
changes under cathodically held conditions, leading 
to changes in the kinetic parameters of corrosion, 
or promoting electrocrystallization of a species 
that itself offers some protection to the 
surface(6,11). 
Figure 2 at -78 mV in environment 2 is possibly due 
to electrocrystallized FeS2 which is rather 
stable and impervious. The departure of the weight 
loss curve (Figure 2) from linearity is perhaps 
also due to the surface modification caused by 
electrocrystallization. 

In order to understand the nature of surface 
modification caused by cathodic potential, specimen 
surfaces were examined by scanning electron 
microscope (SEN after an exposure in the same 
environment for an equal length of time with and 
without applied potential. Figures 4(a) and (b) 
show SEM micrographs of two specimens held in 
environment 2 at 90°C at open circuit and at aA E 
of -78 mV respectively. 
Figure 4(a) has considerable corrosion and 
deposition of corrosion products on the surface, 
the one in Figure 4(b) is covered with a deposit of 
an electrocrystallized product such as FeS 
(causing the weight gain shown in Figure 2 j .  
Energy dispersive X-ray analyses (EDAX) of the 
Surfaces of the above two samples are shown in 
Figures 5(a) and (b), respectively. 
iron/sulfur ratio is much smaller in the latter 

AE of 

AE and the 

Thus, the weight gain noticed in 

While the specimen in 

Clearly, the 

figure. 
changes have been described elsewhere(6). 

The polarization curves and current-time 
relationship described below provide additional 
evidence to the effect of applied potential on the 
surface. Thus, Figure 6 showing the anodic and 
cathodic polarization curves in environment 2 at 
90°C predicts that the current requirement, 
(Ic - Ia!, increases steadily as one applies 
progressively lower potentials cathodic to the 
corrosion potential, E,,,,. 
shows that actual current requirement does not 
follow theoretical predictions, and in fact, 
decreases at lower potentials. 

Figure 7 shows the current-time relationship in 
environment 2 at 90°C and at a A E of -78 mV. 
Clearly, the current decreases for about the first 
4 hours and then attains a steady value, implying 
an initial period of surface modification followed 
by a stable surface composition. 

Figure 8 shows the couple current and couple 
potential in Environment 2 at 90°C during the 
galvanic corrosion of a carbon steel-zinc couple 
with a zinc/steel area ratio of 1.3. The 
difference between the couple potential and the 
open circuit potential of carbon steel in the same 
environment,A E, and the couple current are plotted 
against time and shown in Figure 9, which indicates 
that potential of the couple gradually drifted- 
towards a more negative value, i.e., towards the 
open circuit potential of zinc which was -1.088V 
versus S.C.E. at the end of the 44 hour test. The 
magnitude of the couple current initially fell 
gradually, but became quite steady after 10 hours 
until the end of the test. At the end of the test, 
the steel specimen gave a very small weight gain of 
0.06 m / y  and the zinc electrode suffered a weight 
loss of 3 . 1  mm/y. 
potential to the active direction and the stable 
couple current indicate stable protection. 

The mechanisms underlying the surface 

However, Figure 3 

The steady drift of the couple 

CONCLUSIONS 

1. Tests on carbon steel in two different 
environments indicate that significant cathodic 
protection can be achieved by shifting the 
potential 60 to 80 mV cathodic to the corrosion 
potential. 

2. The actual current requirement decreases at 
more active applied potentials and is much less 
than the theoretically predicted current. 

3. The drop in current requirement at some 
cathodic potentials appears to be due to the 
modification of the specimen surfaces at those 
potentials. 

4. 
protection in the environment of interest without 
any significant deterioration of the zinc surface. 

Zinc appears to provide significant cathodic 
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TABLE 1 
(Environment 1)* 

Composition of a Simulated Geothermal Environment 

NaCl 
KC 1 
CaC12 
LiCl 
SrC12 . 6 H20 
BaC12 . 2 820 
MnCl2 . 4 820 
pH at 25OC 

ZnCl2 

H2S 

15.3 g/1 
3.6 g/1 
9.1 g/l 
0.2 g/1 
0.2 g/l 

0.1 g / l  
0.05 g/l 

0.6 g/1 

2.8 
to saturation 

*Environment 2 is identical to environment 1, 
except that it has 1.1 g / l  of FeC13. 6 820 
in addition; pH of environment 2 at 25OC : 1.9. 
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Figure 1 Schematic diagram explaining the prin- 
ciples of cathodic protection of a 
corroding metal M 
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Figure 3 Relationship between potential shift and steady state applied 
cathodic currentofor 1018 carbon steel in two different en- 
vironments at 90 C 
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Figure 4(a) Scanning electron micrograph of 1018 
carbon steel surface corroded at open 
circuit potential in environment 2 at circuit potential; 1000 X 

Figure 4(b) Same as in Fig.  4(a) but held at a 
potential 78 mV cathodic to the open 

90%; 2000 x 

S 

Fc 

Figure 5(a) Energy dispersive X-ray (EDAX) scan of Figure 5(b) Energy dispersive X-ray (EDAX) scan of 
the deposit shown in Fig .  4 ( b )  the corrosion product shown in Fig. 4(a) 

91 



* .  

Bandy and van Rooyen 

-0.540 > 
-0.580 

w. 
-0.620 

In > -0.660 > 
-I 
5 -0.700 
I- z 
W '  
I- -0.740 B 

-0.780 

I I I I 
I IO 100 1000 

-0.820 I 
APPLIED CURRENT, A/m2 

Figure 6 Anodic and cathodic polarization curves 
for 1018 carbon steel in environment 2 at 
9ooc 
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Figure 8 Typical potential and current plot of a 
zinc-1018 carbon steel galvanic couple in 
environment 2 at 90'~. Zinclsteel area 
ratio 1.3 
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Figure 7 Applied current vs. time for 1018 carbon 
steel in environment 2 at 90'~; potential 
shift: 78 mV cathodic to the open cir- 
cuit potential 
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Figure 9 Variation of couple current and potential 
relative to the open circuit potential of 
1018 carbon steel with time for a Zinc- 
1018 carbon steel couple in environment 2 
at 90°C. Zinclsteel area ratio 1.3 
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