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CORROSION OF STEEL BY CHLORINATED WATER 

by 

Rafael Jose Centeno 

ABSTRACT 

Conflicting literature reports on the influence of chlorination 

treatment on the corrosion of steel in water suggested the need for a 

careful study combining both materials science and electrochemical 

approaches. 

Steels of grades 1020 and 1050 were mounted in thermosetting 

polymer, polished, and metallurgically characterized. These mounted 

samples were then made the anode in a well-stirred, gas-purged 

electrochemical reactor described in the thesis. Distilled water 

containing 25 g/1 of I^SO^ served as supporting electrolyte. A 

commercial electrochemical instrument (Beckman Electroscan 30P) 

provided both power supply and recording functions for obtaining 

potential-current corrosion response curves. In addition, the 

instrument recorded pH and Cl concentration. Corrosion rates and 

passivation effects as a function of these variables resulting from 

chlorination are reported and discussed, as are the visual observations 

of the corroding steel surface. 

Under similar conditions, the two steels showed quite different 

corrosion behavior and surface appearance. For steel 1020, the 

corrosion rate was generally larger with chlorination of water and the 

surface became bright on passivation. For steel 1050, a decrease in 

corrosion was observed with high chlorine content and the surface 

formed a black film rather than a reflective film upon passivation. 
% 
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Passivation for 1050 occurred at more negative electrochemical 

potentials upon chlorination. 

In general, the zone of potentials over which passivation was 

observed (before the transpassive zone appeared) was smaller in 

chlorinated water than in the supporting electrolyte. 

This thesis is one of the very few systematic studies of this 

common materials/environment combination, and probably the first to 

report on the interaction between carbon content in steel and chlorine 

content in water. The results affirm the complexity of this system, 

make plausible the conflicting results of earlier authors, and 

suggest additional experiments. 
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INTRODUCTION 

It is common knowledge that steel is often corroded by water. 

This is not always the case. According to Pourbaix [1], depending on 

the condition of pH and electrode potential, steel may also have areas 

on the pH-E "map" where corrosion is impossible, or areas where passi¬ 

vation by corrosion products occurs. Figure 1 summarizes such 

information, the regions of passivation still being subject to some 

interpretation. 

Among the many factors that affect the rate of corrosion of 

steel by water, one of the most important factors is the chemical 

composition of the water. Chlorination is a widely used treatment of 

water, especially for potable water, and the presence of chlorine can 

affect both pH and E, the electrochemical potential. This paper will 

treat the change in the rate of corrosion of steel by change in the 

chemical composition of potable water by chlorination and attempt to 

correlate the results with a thermodynamic Pourbaix diagram similar to 

Figure 1. 

Chlorination; 

Chlorine [2,3] is a greenish-yellow gas that has considerable 

utility in water treatment, but its principal use is for disinfection. 

When chlorine is added to water, it immediately oxidizes any dissolved 

or suspended material capable of combining with it. This property is 

the reason that chlorine is an excellent sterilizing agent, because 

living bacteria are readily killed by the action of chlorine. The 

exact mechanism of how chlorine kills is still an enigma. One of the 

recent theories suggests that chlorine kills by the phenomenon of 

unbalanced growth; that is, destruction of part of an enzyme system 
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will throw the cell out of balance; and by its own excessive 

metabolism, the cell dies before the necessary repairs are made. 

When chlorine is added to water, it hydrolizes rapidly according with 

the equation: 

Cl2 + H20^t H+ + Cl" + H0C1 K = 4.66 x 10"4 

thus tending to lower the pH. 

Hypochlorous acid is weak and dissociates according with the pH 

by the equation: 

H0C1;^H+ + 0C1 K = 3.2 x 10~8 

Both hypochlorous acid and hypochlorite ions are defined in water 

treatment literature as "free available chlorine" and they are the 

specific reactants with bacteria and other oxidizable matter. 

Steel and Historical Interest in Steel Corrosion: 

It is widely recognized that the aqueous corrosion of steel 

(primarily iron), usually involves the anodic reaction: 

Fe Fe** + 2e" K = 8.23 x 1014 

and a complimentary cathodic reaction, one example being 

2H* + 2e~^± H2 K - 1 

resulting in the total redox reaction: 

Fe + 2H*^=± Fe** + H2 K - 8.23 x 1014 

In the presence of dissolved oxygen, the tendency for corrosion to 
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occur Is increased because the hydrogen may be removed by the reaction: 

2H2 + °2=S=^ 2H2° K " 
3*57 x lo41 

This simplified statement does not account for the localized 

geometrical or mechanical effects in special corrosion such as 

cavitation-erosion, crevice corrosion, etc.; but gives a practical 

basis for the treatment procedures to be discussed [4,5]. 

The ferrous ions may react with water to form ferrous hydroxide: 

Fe"*"*" + 2 ïï20 Fe(OH)2 + 2H
+ K = 1.8 x 1013 

Sometimes Fe(QH) 2 is thermodynamically unstable and will tend to 

transform to magnetite: 

3Fe (OH)2^£ï Fe3 04 + 2 H20 + H2 K - 106,59 

Dependent upon the pH, magnetite may also transform to ferric oxide: 

4Fe3 04 + 02^±r 6 Oj 

Both magnetite and ferric oxide form a stable film that may give 

protection to the metal, but the actual film protection will be 

perfect or not depending on whether this film is an ion or electron 

diffusion barrier as well as physically separating the metal from 

contact with the solution [5]. 

According to Speller [6], it can be definitely said that the 

water in contact with steel is much more influential in controlling 

the rate of attack than minor changes in the composition of steel. 

Speller noted that the rate of corrosion of steel is accelerated as 
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the dissolved oxygen, carbonic acid, temperature and acidity are 

increased, and corrosion is retarded by the reverse conditions. 

Fraunhofer [8] commented on dissolved salts as another environmental 

factor and gave limits and values for these parameters. Wormwell and 

Nurse [7] observed that the time of exposure is a very important factor. 

Hirsch [9] supplemented the Fraunhofer paper by adding carbon dioxide 

and bacterial corrosion. The influence of all these factors on the 

rate of corrosion is more complicated than Speller's approach because 

the factors all interact. Moreover, there is a limit for each factor. 

As an example, Butler and Stroud [10] reported that the corrosion rate 

on steel increased with Increasing speed of flow to a maximum value at 

about 3.3 ft./s., yet any further flow increase resulted in a decreased 

corrosion. Elliassen, Pereda, Skrinde, and Romero [11] studied the 

values of corrosion rate for change in pH and velocity of flow, varying 

these factors both independently and simultaneously. 

Such interaction also applies to the effects of chlorine. 

According to Speller [12], Hirsch [9], and Butler and Ison [13], the 

corrosion due to bacterial action on steel can be eradicated by chlorin¬ 

ation. All of these references stated that usually 0.5 ppm of 

residual chlorine is enough. Cos [4] suggested the effective doses 

were from 0.2 to 0.4 ppm free residual chlorine. 

In contradiction, Babbit, Doland, Cleasby [14] wrote that the 

addition of chlorine may aggravate rather than diminish such bacterial 

corrosion. Uhlig [15] said that chlorination is one way of reducing 

corrosion caused by bacteria, but it is apparently not always 

effective. Rogers [16] wrote that chlorination is not always a 

deterrent to Indigenous water organisms, which are the one most likely 



6 

to contribute to a corrosive environment. 

For nonbacterial changes in corrosion rate on steel by chlorine 

in water, Speller [12] wrote that chlorine interferes with the 

formation of protective films and also tends to break down films 

already formed. Wbrmwell and Nurse [7] observed that the rates of 

corrosion in chlorinated water are consistently lower than those in 

unchlorinated water. On the other hand, the depth of pitting by 

corrosion is equal or greater for chlorinated than for unchlorinated 

water; but, in general, they reported that chlorination of water has no 

marked effect on rate of corrosion. Larson and Skold [17] found that 

free chlorine is corrosive to steel in water. Evans [18], in agreement 

with Speller, said that chlorine increased the rate of corrosion by 

breaking down protective films. Gillespie [19] reported attack by 

chlorinated water on valves and pumps of different kinds of iron, but 

steel pipe appeared to be unaffected. 

According to Pourbaix [20], water in urban supply systems 

generally has a passivating Influence when in circulation, but a 

corrosive influence when stagnant. If water contains appreciable 

quantities of chloride or other activating ions, the oxide film 

formed on the steel becomes porous and ceases to afford corrosion 

protection. Taylor [21], stated that chlorination may accentuate the 

activity of a corrosive water or it may determine the onset of 

corrosion by a water which, if unchlorinated, would cause no troubles. 

According to Spaulding [22], free chlorine appeared to be responsible 

for excessive tuberculation on the corroded steel surface. As one can 

see, there are different opinions about the subject. 
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Thesis Goals: 

Since such conflicts existed in the literature and there seemed 

to be little previous effort at correlating the predictions and 

results with the Pourbaix diagrams for Cl2~containing water, it was 

decided: a) to generate the appropriate E vs pH diagram, and b) 

perform a series of potentiodynamic experiments designed to detail the 

regions of corrosion and passivation of carbon steel in chlorinated 

water. 

The addition of chlorine and its reaction products with water 

gives the thermodynamic diagram shown in Figure 2. The regions of FeO, 

Fe203, Fe304, Fe(OH)2, Fe04
=, Fe++, Fe+++, H2> H20, 02, Cl2, Cl", OCl", 

and H0C1 species stability are included. 

The observed kinetic response and its correlation with Figure 2, 

an experimental concept developed and published by Verink and Pourbaix 

[27], is the bulk of the detail in the following sections. 
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Materials: 

1. 
2. 
3. 

4. 

5. 

6. 
7. 

8. 
9. 

Equipment : 

1. 

2. 

3. 

4. 

5. 

6. 
7. 

8. 

9. 

10. 

11. 

EXPERIMENTAL 

Carbon steel 1020 and 1050, 

Thermosetting resin: diallyl phathalate. 

Copper wire #24. 

6 mm. o.d. Pyrex tubing. 

Glue: Duco cement. 

Solder: tln/lead. 

H.P. Chlorine gas, Matheson. 

H.P. Nitrogen gas, Matheson. 

Distilled water. 

Electroanalytical system: Beckman Electroscan 30P 

by Beckman Instruments, Inc., Model 1002, Serial No. 

100203-100093, 

Stirrer: Magnestir by Scientific Products, 

Cat. No. 58290. 

Teflon coated stirring bar. 

Chlorine regulator: Matheson 3342. 

Check valve and by—pass: Matheson 402v. 

Check valve Pyrex/Teflon shut off valve. 

Nitrogen regulator: Hoke 511. 

2 liter Pyrex resin kettle, Corning Cat. 6947. 

Valve: Whitey Mod. 9KMA 316. 

Clamps. 

Gasket: teflon sheet. 
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12. Buna N "O-ring", Cross section 1/8" I.D. 5-5/8" 

13. Titanium sheet, diameter 6-7/16", thickness 3/16" with 

nine ports, four 3/4" NPT and five 3/8" NPT. 

14. Teflon tube fitting: Swagelok T-400-1-6 and 

T-810-1-12 

15. Fritted gas dispersion tubes: Pyrex Mod, 12C. 

16. Teflon tubing (Clj) 1/4" 

17. Polymer tubing Q^): Poly-flo Mod. 44P - l/4"o.d. 

18. Electrodes: 

a) Reference; Beckman, Ag/AgCl, Cat. No, 39403 

b) Reference: Beckman, Hg/HgCl, Cat. No. 39018 

c) pH: Beckman, Cat. No. 41263 

d) Cl : Beckman, Cat. No. 39604 

e) Platinum Auxiliary: Beckman, Cat, No. 39017 

Technique: 

The standard commercial steels, grades 1020 and 1050, were cut to 

different sizes between lxl mm. and 19 x 5 mm. A short piece of 

copper wire was then soldered to each steel sample. All such samples 

were mounted independently in thermosetting resin under high pressure 

C400Q psi) and temperature (150° C). The mount was 32 mm. in diameter 

and the thickness was determined by sample size; the average value was 

7 mm. The plastic mount exposed on one side the steel sample and on 

the other side the copper wire lead. The latter was soldered to 

additional copper wire and the total connection protected from the 

water phase by 6 mm. Pyrex tubing sealed to the plastic mount by.Duco 

cement, as in Figures 3 and 4. The steel surface was given a final 

polish with 0.05 micron diamond grit and then the complete mount 
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weighed In a, microbalance to the nearest 0.1 mg. Next the sample lead 

was Inserted into the titanium kettle lid and held in position by a 

Swagelok fitting. Through the kettle lid together with the mount, also 

held in position with the help of Swagelok fittings, were the plastic 

tubes for nitrogen and chlorine and the reference, auxiliary, pH and 

chlorine electrodes as shown in Figures (5) and C6). Distilled water 

containing 25 g/liter K^SQ^ as supporting electrolyte was poured into a 

glass kettle and the latter was closed with the cover and the clamps 

were tightened. To eliminate leaking, a Teflon gasket and a rubber 

"Q-ring" were placed between the kettle and the kettle lid. 

Nitrogen was purged through the water for 30 minutes to 

eliminate dissolved oxygen and other gases. During this period the 

system was tested for leaking at the lid and fittings. The Teflon- 

coated bar stirred the water during all this procedure. Next the pH, 

Cl and corrosion rates were independently measured on the Electroscan 

recorder. 

In the experiments with chlorine, this gas was added through a 

separate dispersion tube and new measurements obtained; most of the 

time additional amounts of chlorine were added and the measurements 

repeated. During the measurements of corrosion rate, most of the 

time the initial voltage was IV , the voltage scan range +5V, and the 

current span range 140ma. After completing polarization measurements, 

the corrosion products were removed with inhibited hydrochloric acid 

0-5 vol % Witcoamine), and the mount weighed again to determine total 

metal loss. The latter measurement simply served as a check on the 

electrochemical data. 

The corroded samples were also examined visually on the 
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metallurgical microscope for a description of the nature of the 

corrosion attack. 
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RESULTS 

General Electrochemical Response: 

For the 1020 and 1050 steels in distilled water, the general 

curve of potential vs. corrosion rate is shown in Figure 7, where 

the following abbreviations are used: 

nc = zone of corrosion, terminating at the point labeled nc; 

cx = various zones of active corrosion, characterized by 

different slopes, and listed in serial order; 

Px = various zones of passivation response, characterized by 

zero or negative slope, and listed in serial order of 

appearance. 

Steel 1020: 

As an example, the specific values for the 1020 steel in water 

with a trace of Cl (4.75 i 0.05 Cl electrode vs. Ag/AgCl = 0 - 5ppm 

Cl ) are given in Table 1. 

A corresponding visual description of the corrosion and passiva¬ 

tion pattern of the steel surface during the experiment was also 

noted: (a) In the nc region, the metal retained its bright silver 

gray appearance, (b) As the potential was raised through regions c^, 

and Cg, the steel developed a continually darker gray metallic 

color, (c) At.Cg» the metal regained its bright appearance, 

beginning at the sample edge and proceeding toward the center of the 

electrode, (d) After point and over region c^, bubbles of oxygen 

began to form at the metal surface. 

Figure 8 summarizes this description: the Table 2 is a typical 

experiment for the steel 1020 in water with some chlorine added 

(Cl electrode values from 3.9 to 5.6). The pattern for this 
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experiment was separated into five ranges: 

1st Range: Cl" - 4.91 ± 0.01 and pH - 3.89 ± 0.15, the steel had 

the same behavior as with small trace of Cl . 

2nd Range: Cl = 4.94 i 0.02 and pH = 3.60 - 0.10, the steel 

until Cj had the same pattern as the first range but 

it never became completely bright again. At least 

20% of the surface was covered with rust; and oxygen 

evolution did not begin to form in Pg but at a 

potential about 500 mv. vs. standard hydrogen 

3rd Range: 

electrode, more positive than Pg. 

Cl" - 5.00 ± 0.03 and pH = 3.09 ± 0.21, it had the 

same behavior as the previous range but oxygen bubbles 

were not seen. 

4th Range: Cl = 5.06 i 0.03 and pH 5=5 2.74 i 0.14, the steel had 

the same behavior as the previous range but now, after 

5th Range: 

c^,, a second zone of passivation appeared. 

Cl ■ 5.10 t 0.01 and pH « 2.56 - 0.05, the steel was 

completely covered with orange rust and the only 

apparent change was that for a potential about 3000 mv. 

vs. standard hydrogen electrode, the rust had a 

tendency to flake off. 

For the steel 1020 with only a small trace of Cl (4.75 1 0.05 Cl” 

electrode vs. Ag/AgCl) =Qt5ppm Cl and pH from 5 to 8, the potentials 

when steel began to corrode (nc), passivation initiation (Cg), and when 

oxygen formation began (Pg) had a tendency to be more negative at higher 

pH. It was also observed that the corrosion rate for a predetermined 

potential (1000 mv. vs. Standard Hydrogen Electrode) was constant for 
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several different pH values. The critical corrosion current and 

minimum passivation current were similar values for different pH 

values. 

For the steel 1020 in water with chlorine added 0*00- ^ 0.10 Cl" 

electrode vs. Ag/AgCl ) = 156ppm Cl, the potential when the corrosion 

began (nc) was constant, for different pH, but the potential when 

passivation began (c^) and finished (P3) became more negative as the pH 

increased. It was also observed that the corrosion rate for a 

predetermined potential (1000 mv. vs. Standard Hydrogen Electrode) 

were constant at pH values between 4.05 and 2,55,but from 2.50 to 2.25 

the corrosion rate increased as the pH decreased. The minimum 

passivated current occurred at more positive voltages as the pH 

decreased. On the other hand, the critical corrosion current 

remained more or less constant from pH range 4.05 to 2.53; for pH 

values from 2.53 to 2.50, the critical corrosion current appeared at 

more positive voltages as pH decreased. 

In general for steel 1020, the corrosion rate for a given 

potential was larger in chlorinated water than for water with only a 

small trace of Cl and no H0C1 or C^. It was also observed that the 

zone of passivation was smaller' for chlorinated water and the critical 

corrosion current and minimum passivated current shifted to larger 

current value in chlorinated water. 

Table 3 is the result of several experiments. These data were 

used to prepare the dynamic Pourbaix diagram for steel 1020, Figure 9. 

which is overlaid on the equilibrium diagram, Figure 2. 

Steel 1050: 

Typical potential/current data for steel 1050 is water with only a 
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TABLE 3 

Steel 1020 

Cl“ PH nc c3 P3 
Observation 

5.10 2.19 -775 2570 3225 

5.09 2.55 -760 1760 2070 

5.00 3.10 -800 2100 2530 

4.93 3.60 -750 1900 2500 

4.90 4.05 -800 1800 2300 Until here 
with chlorine 

4.05 -670 1672 2420 

5.00 -660 1320 1820 

4.80 5.75 -575 1950 2550 

4.80 6.00 -750 1750 2400 

4.74 6.50 -750 1780 2475 

4.76 7.20 -830 1650 2400 

4.72 7.50 -670 1680 2350 

4.80 7.90 -750 1640 2250 

4.69 8.20 -750 1630 2280 
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trace of Cl (3.97 i 0.37 Cl electrode vs. Ag/AgCl ref = 0-5 ppm Cl 1 

and no added Cl2 is presented in Table 4, and the visual surface 

behavior for the steel during this experiment was as follows: 

a) The original bright metal became darker through regions c^ 

through Cg. 

b) A sudden blackening of the surface at c^ corresponding to 

passivation film. 

c) Oxygen bubble formation at accompanied by the flaking- 

off of the black film. 

d) The regaining of a bright surface as the voltage approached 

+ 4000 mv. vs. Standard Hydrogen Electrode. 

Figure 10 summarizes these results. 

Typical experimental data for the steel 1050 in water with added 

chlorine is given in Table 5. The visual observation pattern in this 

case was as follows: the metal immediately became dark gray and there 

was no further visual change on the surface until bubble formation 

about 3000 mv. vs. Standard Hydrogen Electrode. There were, however, 

many fanges of E vs. I behavior dependent upon pH. 

1st Range: At Cl = 4.59 ± 0.03 = 90 ppm and pH 3.72 ± 0,14, 

the steel had the same behavior as with small trace of 

Cl , but now the passivation potential became more 

negative. 

2nd Range: Cl~ = 4.81 ± 0.09 =195 ppm ci2 and pH = 2.89 t 0.41, 

there appeared two zones of passivation, with gas 

evolution occurring during the second zone. Under 

these conditions, the rust was porous and adhered 

poorly to the surface. 
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TABLE 4 

Steel 1050, Experiment #13 

Cl Exp. PH ne C1 C2 P1 P2 P3 

3.69 i 6.12 -600 -370 ioso — 1200 1550 

3.67 2 6.29 -760 -440 1200 — 1260 1600 

3.60 3 6.39 -760 -460 950 — 1100 1500 

3.61 4 6.46 -770 -440 1160 — 1300 1650 

3.57 5 6.58 -770 -410 1210 — 1300 1650 

3.55 6 6.75 -750 -460 1000 — 1200 1550 

4.40 7 6.55 -700 -350 1210 — 1550 1850 

4.31 8 6.82 -740 -500 1400 — 1570 1900 

4.32 9 7.05 -730 -450 1260 1440 1560 1950 

4.32 11 7.60 -770 -350 1400 1550 1750 1920 

4.32 12 7.71 -770 -350 1400 1600 1850 2150 

4.32 13 8.00 -770 -400 1500 1650 1930 2250 

4.32 14 8.08 -750 -500 1550 1750 1940 2250 

4.30 15 8.08 -760 -550 1650 1710 1910 2250 

4.30 16 8.09 -770 -400 1760 1950 2010 2400 

4.33 17 8.12 -700 -550 1700 1800 2020 2400 

4.32 18 8.17 -720 -560 1800 1950 2100 2400 
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Cl = 4.85 l! 0,05 =215 ppm Cl2 and pH = 2,41 l! 0,09, 

there was only one zone of passivation occurring at a 

potential more positive than in the preceding cases. 

Cl" = 5.26 t 0.27 =573 ppm Cl2 and pH = 2.26 ± 0.01, 

in this case after the first passivation there is no 

corrosion at least until 400 mv. vs. Standard Hydrogen 

Electrode (this value was the maximum potential in 

this experiment). 

For the steel 1050 in water with small trace of Cl , the potential 

when corrosion began (nc) remained more or less constant. On the other 

hand, the potential,when passivation occurred and when bubble formation 

was observed, became more positive as the pH values were higher; it was 

also observed that the corrosion rate for a predetermined potential 

(1000 mv. vs. Standard Hydrogen Electrode) was constant for different 

pH values. 

For the steel 1050 in water with chlorine added, the potential 

when corrosion began (nc) was constant for different pH; but the 

potential when passivation began (c^) and the potential for gas 

formation (P^) became more negative as pH increased. 

Another observation was that the corrosion rate for a predetermined 

potential (500 mv. vs. Standard Hydrogen Electrode) was independent of 

pH over the range studied. In addition, the critical corrosion 

current remained essentially constant for different pH values and with 

a little change at pH = 2.25. For this latter value, the critical 

corrosion current became lower as pH decreased. It was also observed 

that the zone of passivation increased as the pH decreased. 

In general, the corrosion rate for a given potential (500 mv. vs. 

3rd Range: 

4th Range: 
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Standard Hydrogen Electrode) was smaller for chlorinated water than for 

water with only small trace of Cl . It was also observed that the zone 

of passivation was smaller for chlorinated water, until pH 2.27 or 

lower, when the passivation zone increased for chlorinated water. 

In Table 6 are listed the raw data points used for the dynamic 

Pourbaix diagram of steel 1050 that is presented as Figure 11. 
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TABLE 6 

Steel 1050 

pH nc 'Pg Observation 

2.08 -800 2300 2500 After this 
passivation, 
there was not 
more corrosion 
(at least until 
4000 mv.). 

2.27 -700 2000 2700 

2.50 -720 1610 1950 

2.80 -730 900 1150 There were two 
zones of 
passivation. 

2.90 -620 950 1170 

3.15 -678 880 1240 

3.24 -630 800 1060 

3.40 -630 700 1180 

3.58 -650 920 1240 

3.85 -720 750 1550 

6.12 -600 1050 1550 

6.29 -760 1200 1600 

6.46 -760 950 1500 

6.75 -770 1000 1550 

7.05 -730 1260 1950 

7.60 -770 1400 1920 

7.71 -770 1400 2150 

8.00 -770 1500 2250 

8.17 -720 1800 2400 
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CONCLUSIONS 

According to the results described in the preceding section, 

small changes in the carbon content of mild steels are important to the 

corrosion and passivation behavior in highly chlorinated water. This 

does not agree with the generalization of Speller [6] that the corrosion 

behavior is similar for most carbon steels in aqueous environment. In 

particular, it was observed that water with added free chlorine has the 

tendency to break down the protective film on the steel, in agreement 

with Evans [18], and Speller [12]. 

The presence of H+, Cl , and 0C1 ions produced from the 

hydrolysis of Clj must, by increasing the ionic conductivity of the 

aqueous phase, tend to increase the corrosion rate if all other 

factors are held constant. 

The most important variable that is not held constant, and that 

can compete with solution conductivity by introducing an interfacial 

resistance, is the chemical composition of the ionic double layer 

during the free corrosion portion of the polarization curve and the 

composition of the hydrous oxide film covering the surface during the 

passive and transpassive portions of the polarization curve. 

It is generally accepted in electrochemical theory that the non- 

passivated metal surface is bathed by a micrometer-thick layer, the 

Gouy-Chapman Layer (GCL), of electrolyte that is somewhat more 

concentrated in ions that the bulk of the solution. More importantly, 

hydrated and unsolvated ions are, respectively, adsorbed to form the 

outer and inner Helmholtz planes. This electrical layer model is 

summarized in the following diagram, Figure 12. taken from the text by 

West [24], 
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The bare chloride ion, Cl , formed by dehydration at the anode 

surface, is the usual example of a specifically-adsorbed anion forming 

the inner Helmholtz plane (IHP). In the chlorinated water system, 

especially at higher pH, the CIO ion could additionally dehydrate and 

be specifically-adsorbed in the IHP. It is also feasible that, at very 

high chlorine concentrations, both molecular chlorine and molecular 

H0C1 would be chemisorbed at random or at special surface active 

sites. These adsorbed molecules would be physically located in the 

IHP, but would dilute rather than add to the negative charge density of 

this region. 

All four of these chlorine-containing species are thus concentra¬ 

ted in a location where they can modify the fundamental corrosion 

reaction of the metal atom transfer from the metal phase surface 

across the IHP to its hydrated form in the outer Helmholtz plane (OHP). 

The reaction diagram summarizing this process is presented in Figure 13, 

also taken from West [24]. Most importantly, the IHP is located where 

the activation energy of the corrosion step can be modified, and small 

changes in this parameter will have an exponential effect upon the 

corrosion rate. 

The results of these experiments, however, suggest that it is the 

shortening of the passivation region due to loss of adherence of the 

rust film and the exposure of the fresh metal surface upon flaking-off 

of the corrosion product that accounts for the general increase in 

corrosion. This effect is also consistent with the buildup of Cl , 

CIO- H0C1, and C^ species in the IHP, since this is also the ideal 

physical location for interference with the adhesion of the passivating 

solid film that precipitates on the anode at the critical current 
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density (c^ - P^). Not only would the metal/passivating film adhesion 

be affected, but the chemistry and cohesion of the growing nonmetallic 

film would also be altered by the presence of chlorine species. Thermo¬ 

dynamically, the more stable oxide and hydroxides would predominate the 

chemistry of the film, but the similarity in size of the Cl ion 
o _ o _ o 

(1.8 A) to that of O' (1.4 A) and OH (1.5 A) would allow inclusion of 

this contaminant into the passivating film. In addition to the entropie 

driving force for such crystal defect inclusion, the high concentration 

of Cl and some 0C1 in the IHP of the film/electrolyte interface would 

tend to block the diffusion of OH at high current densities and 

perhaps build in more chlorine species contamination than thermo¬ 

dynamically predicted. Inclusion of the lower valence anions would 

also reduce the band gap of the semiconductor film, and make it a 

better electrical conductor for a given electric field, thus providing 

a tendency for the transpassive region (c^) to occur at more negative 

voltages. 

This contamination effect is consistent with the observation that 

the zone of passivation is smaller in chlorinated water than for 

unchlorinated corrosion experiments. 

The general observation that the potential for corrosion 

initiation (nc) did not change with pH or CI2 content does not really 

need to be explained in terms of the thermodynamic Pourbaix diagram, 

Q J I _ 
Figure 1, since the equilibrium Fe Fe + 2e is pH independent in 

the ranges studied. It is somewhat surprising, however, that this 

independence would carry over to the kinetic Pourbaix diagram derived 

from the polarization curves shown in Figure 9 and 11, since the care¬ 

ful kinetic studies of Bockris [25] and Heusler [26] suggest that the 
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OH ion is actually involved in forming the activated complex leading 

to the rate-determining step and that there really is a pH dependence, 

with faster dissolution occuring with an increase of OH concentration. 

The simplest mechanism consistent with this is that proposed by 

Bockris, Despic, and Drazic [25] for reactions at the metal/lHP 

interface: 

Fe + OH 5SÜÎ FeOH + e 

FeOH s* FeOH+ + e (rate determining step) 

FeOH+^=ir Fe++ + 0H~ 

The simplest argument for the pH independence of the detectable 

corrosion initiation is that the pH changes were due to the hydrolysis 

of water by Cl^ in most cases, with 0C1 ion generation in the IHP in 

the process. If the latter species would serve as a direct replacement 

for OH in the Bockris - Despic -Drazic mechanism, there would be a 

resulting independence of OX concentration where X is either Cl or H 

in the oxyanion, yet the zone of passivation increases with 0C1 since 

this unstable species is more likely to decompose to a protective oxide. 

Testing of this hypothesis could be one of the goals of a follow-up 

study to this thesis. 

None of the above discussion speaks to the observed decrease in 

passivation potential in the pH range 2.5—4 with an increase of 

carbon in the metal phase and an increase of chlorine content in the 

environmental phase. Since an ionized and hydrated carbon-containing 

species is not part of the corrosion reaction of steel, the carbon 

content of the steel surface actually increases during the corrosion 

process. Thus, the only possible site of initial chemical interaction 
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between carbon and a chlorine-containing species is between the solid 

phase and the IHP and not in the liquid. At low pH, high free chlorine 

content, and noble potentials (the precise combination observed), one 

is most likely to have sufficient molecular CI2 to chemisorb in the IHP. 

If, as earlier suggested, a special site might be required for this 

molecular chemisorption, then a carbon atom or, more likely, a critical 

cluster of carbon atoms would provide such a special bonding site. 

This suggestion is consistent with the fact that attacks graphite, 

or the graphite phase in cast iron, by the reaction: 

C + 2 Cl„*==i CCI. 
2' 4 

Formation of a chlorocarbon or partially-chlorinated carbon 

interface would serve the function of a protective film and lower the 

requirement for passivation. It also qualitatively accounts for the 

much darker appearance of the passivated surface observed on the 1050 

steel. 

Direct detection of CCl^ or its precursors in the experimental 

system used in this study would be unlikely because of the extremely 

low solubility in water and the high vapor pressure of the chloro- 

carbons. A possible modification of the experiment would be to place 

a layer of nonpolar hydrocarbon on top of the aqueous phase and, 

under dynamic conditions, suddenly lift the sample into the nonpolar 

phase and attempt to solubilize the chlorocarbon intermediates for 

detection and analysis. Again, such testing is a possible second goal 

of a follow-up study in this area. 

In general, the conflicting observations of the very few 

qualitative studies in the past on this system were probably each real 
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but never understood as being consistent because they were never done 

in a systematic and controlled manner, nor with attention to the 

electrochemical fundamentals involved. This study has not only 

systematized these variations in corrosion and passivation with 

attention to pH, Cl-containing species content, and carbon content; 

but, by invoking possible mechanisms for the observed variations, has 

suggested some approaches for additional experiments that may further 

untangle this complicated system. 
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