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ABSTRACT 

A multielectrode localized corrosion sensor has been developed for evaluating the performance of 
corrosion inhibitors for carbon steel in cooling water. Experimental results indicate that the coupled 
multielectrode sensor provided instantaneous measurement of corrosion currents and a rapid real-time 
response to the addition of inhibitors. Evaluation of several inhibitors showed that the sensor was able to 
distinguish between inhibitor type and concentration. It was also demonstrated that the sensor has a 
detection limit of 5x10-11A with respect to current measurement. The capabilities of the sensor may be 
suitable for online monitoring of corrosion in a variety of applications where real-time monitoring is 
required. 

Keywords: Coupled multielectrode sensor; galvanically coupled sensor; multiple electrode array sensor; 
localized corrosion sensor; localized corrosion probe; localized corrosion monitoring; wire beam 
electrode. 

INTRODUCTION 

The majority of corrosion phenomena encountered in practical applications are non-uniform or 
localized ~. However, many of the effective on-line monitoring techniques such as the electrical 
resistance method 2-4 and linear polarization method 5' 6are good for uniform, but not adequately sensitive 
to localized corrosion. Electrochemical noise method has been used for the measurement of pitting 7 and 
crevice corrosion 8. Although it is a useful method to indicate the electrochemical activity of localized 
corrosion, there is no consistent dependence between the measured signals, such as the pitting index, and 
the localized corrosion rate 9'1°. The differential flow cell method 11-14 employing essentially two or more 
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electrodes that are made of identical corrodible metals relies on the measurement of the current through 
a zero resistance ammeter which couples the electrodes together, to predict localized corrosion. As this 
method requires the forced movement of the electrode or the solution, especially the cathode relative to 
the solution, the current between the slow moving anode and the fast moving cathode does not represent 
the true corrosion current flowing from a corroding site to a non-corroding site of a metal under 
localized corrosion. Furthermore, localized corrosion, pitting for example, usually focuses on an area 
that is significantly smaller than the large slow moving electrode (0.3 to 0.5 cm 2) used in the differential 
flow cell. Prediction of the localized corrosion damage based on the current measured from a large 
surface area may not be reliable. This paper presents the real-time measurement results obtained during 
the evaluation of corrosion inhibitors for carbon steel corrosion in cooling water using a coupled 
multielectrode sensor ~5. 

EXPERIMENTS 

The schematic diagram of the coupled multielectrode array sensor is given in Figure 1. It is 
similar to the coupled wire beam electrode used by previous investigators 16'17 except the coupling of the 
electrodes are through resistors, which allow the use of a high resolution voltmeter instead of a zero 
resistance ammeter. The principle of this sensor and the auto-switching and electrode location mapping 
software have been described previously ~8. All sensing electrodes were made from 1-mm diameter 1010 
carbon steel (UNS G10100) wire. The insulation on the wire sensing elements was either epoxy, or 
PTFE film. The sensors were polished to 600 grit prior to the start of every test. Two commercial 
corrosion inhibitors for carbon steel in cooling water systems, called Type A, and B in this paper 
respectively, and several chemical compounds that are known to have corrosion inhibiting effect were 
used in the experiments. The Type A inhibitor is a molybdate based and the Type B inhibitor is a nitrite 
based. The chemical compounds are sodium nitrate19 and benzotriazole (BZA) 2°. 

The experiments were conducted in a 3-L glass cell, filled with 2 L tap water, at room 
temperature. Typical chemical analysis results of the tap water are given in Table 1. The tap water was 
aerated, by bubbling compressed CO2-free air, for at least 1 hour before the start of the experiment. 
Continuous aeration was maintained during the course of the experiment. The solution was also 
manually stirred every time an inhibitor was added to the cell. 

RESULTS 

Commercial Inhibitors 

Figures 2 and 3 show typical responses of the currents measured from the different electrodes of 
the coupled multielectrode sensors to the additions of commercial inhibitors. Figure 2 also shows the 
sensor currents when the sensor was placed in air and in de-ionized water. The signals for Figure 2 were 
obtained with 24-electrodes that were freshly polished prior to the start of the measurement. The signals 
shown in Figure 3 were obtained from an eight-electrode sensor. As shown in Figure 2 the currents from 
the 24-electrodes increased slightly when the sensor was changed from air to de-ionized water and 
increased significantly with the most negative current (maximum anodic current) reaching 3.0x10 -6 A 
when the sensor was changed to tap water. Shortly after the sensor was immersed in tap water, a peak of 
maximum anodic current was recorded. Afterwards, the current decreased slightly and approached a 
steady state value of approximately 2.4 x l0  -6 A. The decrease in current is consistent with the formation 
of corrosion products on the electrode surfaces. Immediately after the addition of the Type A 
commercial inhibitor, the most negative current decreased abruptly to l x l 0  -7 A. As shown in Figure 3, 
the most negative current of the eight-electrode sensor decreased sharply upon the addition of the Type 
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B commercial inhibitor to the tap water. The monitored response of the sensor electrodes revealed no 
increase in current many hours after the inhibitors were added and suggested continuous suppression of 
corrosion. 

As reported earlier 18, the currents measured from a 25-electrode Type 304 (UNS $30400) 
stainless steel sensor can be described by normal distribution. Therefore, the standard deviation of the 
measured currents from the multielectrode sensor can be used to estimate the current that is the most 
anodic among the measured values. Thus the standard deviation is an effective indicator for localized 
corrosion. The standard deviation signals corresponding to Figures 2 and 3 and the more detailed 
inhibitor addition information are given in Figures 4 and 5. As shown in Figure 4, the standard deviation 
of the 24 currents shown in Figure 2 decreased from 6.5x10 7 to 2.0 xl0-SA immediately after the 

addition of 2.5 ml/L inhibitor A and gradually decreased to about 1.8x10 -8 A in about 18 hours. Further 
addition of the inhibitor up to 7.5 ml/L had no improvement on the inhibition effect. Figure 2 also shows 
that the sensor signal with the respect to the standard deviation in air is approximately l x l 0  -8 A. This 
high value might be due to the corrosion of the carbon steel electrodes under water film that was not 
properly removed after the exposure in the de-ionized water. A measurement in air at the end of the 
same experiment verified that the background sensor signal with the respect to the standard deviation 
was approximately 5X10 -11 A when the sensor electrodes were carefully dried. This indicates that the 
sensor has a detection limit at least 5x10 -11 with respect to corrosion current. As shown in Figure 3, 
significant inhibition effects started at the concentration of the Type B commercial inhibitor as low as 
0.25 ml/L. After the addition of 0.25 ml/L, the standard deviation of the 8 currents as shown in Figure 3 
decreased from l x l 0  -7 to 2x10-9A. Further addition of the Type B commercial inhibitor at 
concentrations up to 8 ml/L had no improvement on the inhibition effect. 

Further experiment with small step changes in the concentration of the Type A commercial 
inhibitor shows that the minimum effective concentration of the inhibitor in the test environment is 
between 0.5 to 1.5 ml/L. Although the sensor used to obtain the results as shown in Figure 6 is the same 
as that used for the results shown in Figure 4, the standard deviation of the currents in tap water as 
shown in Figure 6 are significantly lower than those as shown in Figure 4. This might be because the 
history of the sensor electrodes for Figure 6 is different from the history of the sensor electrodes for 
Figure 4. Prior to the experiment for Figure 6, the sensor had been used in the experiment for the 
evaluation of the Type A commercial inhibitor (Figures 2 and 4). Although the sensor electrodes were 
washed in water using soft brush and rinsed with de-ionized water for several times, traces of the Type 
A commercial inhibitor may still present on the surfaces of the electrodes after the Type A inhibitor 
exposure and the sensor electrodes had became less susceptible to localized corrosion than the freshly 
polished surface. 

Other Inhibitors 

The measured responses of the standard deviation signals of the carbon steel sensors to the 
addition of NaNO3 and Benzotriazole (BZA) are shown in Figures 7 and 8 respectively. 

The localized corrosion indicator of the sensor, standard deviation of currents, as shown in Figure 
7 suggests that NaNO3 is not effective for the inhibition of localized corrosion of 1010 carbon steel 

under the test conditions. The standard deviation of the current was approximately 6.0 x l0  -7 A after 
exposure to fresh tap water. The addition of 50 ppm NaNO3 resulted in a slight decrease in the standard 
deviation of the current. Increasing the NaNO3 concentration to 1000 and subsequently 2000 ppm 
decreased the standard deviation of the current by a factor of 3. After the addition of up to 4000 ppm 
(wt) NaNO3 the standard deviation was still above l x l 0  -7 A. 
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Figure 8 shows the localized corrosion indicator of the sensor obtained for the BZA inhibitor test. 
Without the addition of the inhibitor, the standard deviation of the current is near 5.0 x l 0  -7 A. Addition 
of either 50 or 100 ppm BZA did not result in a substantial decrease in current. The addition of 500 ppm 
BZA decreased the standard deviation of the current to less than 6 x l 0  -9 A. Subsequent increases in the 
concentration of BZA resulted in slightly lower currents with the lowest measured standard deviation of 
the current nea r  2 x 1 0  -9 A.  These results suggest that BZA is inhibitive at a concentration between 100 to 
500 ppm(wt). 

DISCUSSIONS 

The preliminary results obtained in this study indicate that the galvanically coupled 
multielectrode sensor can be used to evaluate the effectiveness of inhibitors. The response of the sensor 
was dependent on both the type of inhibitor used and the concentration of the inhibitor. The results 
shown in Figure 4 indicate that 2.5 mL/L of inhibitor A is sufficient to provide an inhibiting effect for 
carbon steel. Increasing the inhibitor concentration did not result in a decreased standard deviation of the 
sensor currents. As shown in Figure 5, inhibitor B was more effective than inhibitor A. With 0.25 mL/L, 
the standard deviation of the carbon steel sensor currents was reduced to values that were 10 times less 
than observed with inhibitor A. Low standard deviation signal was also observed with BZA (Figure 8). 
On the other hand, the probe did not indicate that NaNO3 was an inhibitor for carbon steel in tap water. 

Because the composition of the commercial inhibitors used in this study are not known, a 
comparison of the inhibitor performance can only be made by comparing the value of the standard 
deviation of the current with and without the addition of inhibitor. It should be noted however that the 
concentration of the inhibitors used to suppress corrosion is not trivial. For many applications such as 
cooling water systems, the inhibitor concentration necessary to suppress corrosion may exceed 
allowable environmental restrictions. In these cases the careful selection of inhibitor and continuous 
monitoring of corrosion may be necessary to protect the component and maintain compliance with 
environmental restrictions. The response of the multielectrode sensor allows the evaluation of inhibitor 
performance, which may be useful in the selection of inhibitor. In addition, the sensor can potentially be 
used for on-line monitoring of corrosion rates to insure that sufficient inhibitor concentrations are used 
to prevent corrosion without the use of excess inhibitor concentrations. 

The on-line monitoring of a corrodible component such as a heat exchanger or cooling water tower can 
be made more effective by using monitoring methods that can both detect and assess upset conditions. 
The multielectrode sensor may be used to predict corrosion based on the maximum anodic current from 
the sensor. As the directly measured maximum anodic current as shown in Figures 2 (Electrode #15) 
and 3 (Electrode #E6) depends on the information from only one of the many measured values and 
therefore has a greater uncertainty, statistical methods may be used to derive the maximum anodic 
current using the information from all the electrodes. In our previous analysis ~8, the maximum anodic 
current, Imax, w a s  estimated by: 

Imax = key + Imean (1) 

Where cy is the standard deviation, k is a factor which depends on the sample size (or number of 
electrodes) and desired confidence interval and Imean is the mean value of the currents from all the 
electrodes that are coupled together (Imean should be equal to zero). Comparing the most anodic current 
in Figure 2 (Electrode #15) with the cy value in Figure 4 and the most anodic current in Figure 3 
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(Electrode #E6) with the (y value in Figure 5 at the time the sensor gave the highest corrosion signals, 
the ratios between the most anodic current and cy are 4.6 and 2.35 respectively. Similarly, the 
experimental data for Figures 7 and 8 show that the most anodic current to ~ ratios are 4.0 and 2.5 
respectively. As an estimate, this work uses 3 as the value for k in Eq 1 to determine the maximum 
anodic current of the sensor: 

Imax = 3(Y (2) 

Knowing the maximum anodic current, the localized corrosion penetration rate may be estimated by TM 

hmax = (fiE) ImaxWd(FAo) (3) 

WE = 1/Z(mizi/Wi) (4) 

Where hmax is the estimated maximum penetration rate (cm/s),, f is the non-uniform factor which correct 
the effect of non-uniform attack on and the roughness of the surface of the most corroded miniature 
electrode, e (e<l) is the current distribution factor that represents the fraction of electrons from corrosion 
that flow to the other electrodes through the coupling circuit, WE is the equivalent weight (g/mol), F is 
Faraday's constant (96485 C/eq), A is the surface area of the electrode (cm2), p is the density of the 
alloy or electrode (g/cm3), and mi, zi, and Wi are the mass fraction, oxidation state and atomic weight of 
component i in the electrode alloy, respectively. The values of both f and e are dependent on the 
properties of the sensing electrodes and the corrosion environment. Work is in progress to determine the 
values of f and e, and to examine the validity of Eq 3. The apparent maximum anodic current densities 
of the carbon steel sensing electrodes during the evaluation test for the Type A, Type B, Benzotriazole 
and sodium nitrate inhibitors are calculated, using Eq 2 and the apparent surface area (0.12n/4=0.00785 
cm2), and shown in Figure 9. As shown in Figure 9, the apparent maximum anodic current densities for 
the freshly polished (with 600-grit paper) carbon steel electrodes in aerated tap water are from 5x10 -5 to 
2x10 -4 A/cm 2 in the first 20 hours of tests. The apparent maximum anodic current density decreased to 
7x10 -6, l x l0  -6 A/cm 2 and lx l0  -6 A/cm 2 after the addition of the Type A, Type B and Benzotriazole, 
respectively. Figure 9 also shows that there was no pronounced change in the apparent maximum 
anodic current density after the addition of NaNO3. According to Figure 9, the order of effectiveness of 
the four corrosion inhibitors for carbon steel in cooling water is as follows: 

Type B Inhibitor -- Benzotriazole > Type A Inhibitor >NaNO3. 

CONCLUSIONS 

The performances of four types of corrosion inhibitors were evaluated for carbon steel in cooling 
water, using a coupled multielectrode localized corrosion sensor. The localized corrosion sensor 
provided a rapid real-time indication for the performance of the corrosion inhibitors. The measurement 
showed that the apparent maximum anodic current densities for the freshly polished carbon steel 
electrodes were from 5x10 5 to 2x10 -4 A]cm 2 in aerated tap water during the first 20 hours of the tests. 
Upon the addition of either benzotriazole or a nitrite-based commercial corrosion inhibitor, the apparent 
maximum anodic current density was rapidly reduced to l x l0  -6 A/cm 2. 

Possible applications of the sensor include inhibitor selection and on-line monitoring. The 
differential response of the sensor to both inhibitor type and inhibitor concentration could provide useful 
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information in the selection of inhibitors. The rapid response of the sensor and the quantitative 
information provided in real-time would be useful for on-line monitoring of components that are not 
easily inspected. Because the sensor can be constructed using materials identical to the components that 
require monitoring, the sensor could be used in a wide range of applications 
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Table 1 Typical Concentration Ranges of Substances in San Antonio Tap Water  21 

Substance 

Calcium 

Concentration Range (ppm) 

7 4 -  102 

Chloride 18 - 25 

Magnes ium 5 - 16 
Sodium 10 - 15 
Sulfate 21 - 29 

Total Hardness (As Calcium Carbonate) 2 3 6 -  258 

Total Alkalinity (As Calcium Carbonate) 2 0 2 -  252 

Total Dissolved Solids 268 - 317 

Nitrate 1 . 5 3 -  1.94 

Fluoride 0.1 - 0.3 
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2 to the changes in chemical environments and the addition of the Type A commercial 
inhibitor 
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Figure 5 The response of the standard deviation of the eight currents as shown in Figure 3 to 
the addition of the Type B commercial inhibitor. 
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Figure 6 The response of the standard deviation of the 24-electrode sensor to the step 
changes of the concentration of Type A commercial inhibitor 
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Figure 7 The response of the standard deviation of the currents measured from a 
24-electrode sensor to the addition of the NaNO3 
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Figure 8 The response of the standard deviation of the currents measured from an 
eight-electrode sensor to the addition of the benzotriazole (BZA) 
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Figure 9 Responses of the apparent maximum anodic current densities of the 1010 
carbon steel sensors to the addition of corrosion inhibitors in tap water. 
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