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Abstract The primary purpose of this study was to

investigate the effect that turbulent pipe flow has on the

electrochemical behaviour of a 3-amino-1,2,4-triazole

(aminotriazole or 3-AT)-based corrosion inhibitor. The

experiments were carried out in a 4-L laboratory pipe loop.

A metallic ring made of API X52 pipeline steel was located

in a linear segment of the pipe loop and acted as a test

electrode. The test environment used in all experiments

was a 3% NaCl solution saturated with CO2 at 20 �C. The

range of Reynolds number studied was from 6518 to

32118, assuring turbulent flow conditions in the pipe loop.

Electrochemical impedance spectroscopy (EIS) was used

to determine the electrochemical behavior of the steel in

the environment at different flow rates and inhibitor con-

centrations. It was found that the electrochemical imped-

ance of the system is dependent on both exposure time and

flow conditions (Reynolds number). It was also detected

that EIS data can give information on the persistence of the

inhibitor film formed upon the metal surface. Therefore, in

order to qualify the performance of the corrosion inhibitor,

it is necessary to define the flow conditions at which it is

intended to work.

Keywords Aminotriazole � Corrosion � CO2 � Inhibitor �
EIS � Flow

List of symbols

Rpif The resistance of the porous inhibitor film

q The solution resistivity in the pores of the inhibitor

films

d The thickness of the inhibitor films

Cpif The capacitance of the porous inhibitor film

Cs The capacitance of solution in the pore

Cinh The capacitance of inhibitor molecules

Apif The area occupied by the inhibitor film

Apo The area of pores in the inhibitor film

A The surface area of the EIS working electrode

e0 The electrical permittivity in vacuum

(8.854 9 10-12 F m-1)

erf The relative electrical permittivity of the inhibitor

film

ers The relative electrical permittivity of the electrolyte

in porous inhibitor film

1 Introduction

In oil and gas production industry, internal corrosion of

carbon steel pipeline is a well-known problem, and inhi-

bition is the most effective and flexible method of corro-

sion control. Therefore, the knowledge of the mechanisms

of the corrosion inhibition process is highly desirable in the

design and proper selection of inhibitors.

In the petroleum industry, organic inhibitors containing

nitrogen (amines) are often used due to their effectiveness

and availability. When a corrosion inhibitor is added to a

system, adsorption of inhibitor molecules occurs at the

metal–solution interface. This adsorption is accompanied

by a change in potential difference between the metal

electrode and the solution, due to the non-uniform distri-

bution of electric charges at the interface [1].
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The use of film-forming inhibitors has been a widely

used practice in the control of corrosion in hydrocarbon

transport pipelines. The performance of these types of

inhibitors depends on their ability to form a continuous film

upon the surface of the metal that will be protected against

corrosion, isolating it from the aggressive environment. In

most cases, the corrosion environment is in constant

movement. This is a common situation in the transport of

hydrocarbons in steel pipelines. In industrial processes,

fluid flow in pipes is usually turbulent. In order to obtain

information about the performance of film-forming inhib-

itors, laboratory tests are carried out. The most common

type of laboratory tests is based on weight loss of metallic

coupons, which have been exposed to a test environment

for a certain period of time. Some other tests use electro-

chemical measurements such as linear polarization resis-

tance (LPR) or electrochemical impedance spectroscopy

(EIS) to measure and monitor the rate of general corrosion.

At the same time, it is known that, with limited success, the

electrochemical techniques can be used for measuring the

corrosion rate controlled by the diffusion of species in the

flowing solution, i.e., flow-dependent corrosion rate. The

thorough understanding of how these electrochemical

techniques can be applied to a diffusion-controlled corro-

sion process occurring in flowing liquids and choosing the

range of process parameters where the techniques can

produce representative data are crucial for further

improvement of the quality of experimental data obtained.

Some methodologies have been developed to assess the

performance of film-forming inhibitors in moving envi-

ronments. These methodologies use hydrodynamic test

systems, such as rotating cylinders, impingement jets, or

pipe loops. Pipe loops tend to be the widely used test

systems, due to their geometrical similarity to actual

pipelines and the availability of many mathematical

descriptions. However, pipe loops can be very difficult to

operate due to their large size, large amounts of chemicals

and liquid environment used, requirements of pumping

devices, and measurement equipments. This study explores

the use of a pipe-loop system, one that can be easily

operated and cleaned, to obtain valuable electrochemical

data on the performance of a film-forming inhibitor under

turbulent flow conditions, allowing the evaluation of cor-

rosion inhibitors for the oil and gas industry.

The inhibitor-free CO2 corrosion system selected has

been previously investigated in the 1980s, and the results

have been published in NACE books on CO2 corrosion [2,

3]. Real corrosion rates were given while in the present

publication only polarization resistance data from short-

time electrochemical measurements are reported. The

protectivity of carbonate scales changes with time, spe-

cifically in the first 48 h, and this was not taken into

account.

2 Experimental procedure

A pipe loop was constructed with the following elements:

– One 1/12 HP magnetic pump, specially designed for

corrosive fluids

– One variable resistance (rheostat) used to control fluid

velocity in the loop

– PVC pipe segments of 1.27 cm of nominal diameter

– One 5 L conditioning plastic tank

The total volume of the pipe loop was 4 L.

The flow range used was from 0.0651 to 0.3210 L s-1.

This flow range corresponds to a Reynolds number, Re,

range from 6518 to 32118. The flow loop was designed to

achieve turbulent flow at the working electrode. The loop is

capable of maintaining fluid flow values of up to

2.53 m s-1 operating at room temperature.

The flow loop was built with PVC tubes with an internal

diameter of 1.27 cm, and the total length of the loop was

1.5 m. The schematic layout of this low-pressure and low-

temperature system is shown in Fig. 1. Before each

experiment, the system was deaerated with CO2 for 5 h

until the concentration of dissolved oxygen in the solution

was less than 1 ppb. Since temperature and CO2 partial

pressure were constant, a constant pH value of 5.3 was

measured during experiments. The test segment in the

flow-loop was a three-electrode electrochemical cell. The

electrochemical test segment in the pipe loop, shown in

Fig. 2, contained:

– One AISI-1018 steel ring with an internal diameter of

1.27 and 3 cm width. This steel ring acted as the

working electrode. Before each test, the steel ring was

polished with 600-grit emery paper, cleaned with

deionised water, degreased with acetone, and kept in

a desiccator until its use.

Fig. 1 Pipe flow loop diagram
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– One platinum wire. This wire was used as the counter

electrode.

– One saturated calomel electrode (SCE) with a salt

bridge, acting as the reference electrode.

Anodic and cathodic polarization tests and EIS mea-

surements were carried out in this electrochemical test

segment. The polarization tests were carried out to deter-

mine the effect of flow on the anodic and the cathodic

kinetics of the corrosion process.

The test environment was an aqueous solution of 3%

(weight) NaCl saturated with CO2 gas (99.999% purity).

All reactants used were analytically pure. The test solution

was conditioned (pH, temperature, inhibitor concentration,

and CO2 bubbling) in the 5-L tank before it was pumped

into the loop. The entire pipe loop was air-tight and the

only gas purge was located at the conditioning tank.

The substance used as corrosion inhibitor was 3-amino-

1,2,4-triazole, also known as aminotriazole or 3-AT, whose

structure is shown in Fig. 3. This solid substance was

previously dissolved in water in order to be easily added to

the test environment. The inhibitor concentrations tested

were 0, 25, 100, and 200 ppm. All electrochemical tests

were carried out using a Solatron 1280B potentiostat

controlled by a personal computer, running Scribner’s

Corrware software.

Polarization tests were carried out in the following

conditions:

– CO2 concentration = saturation

– Corrosion inhibitor concentrations: 0 ppm

– Temperature = 20 �C

– Atmospheric pressure

– Flow rates: 0.51, 0.70, 2.27, and 2.53 m s-1

Electrochemical impedance spectroscopy (EIS) mea-

surements were carried out at open-circuit potential (Ecorr)

with 10 mV AC voltage amplitude in the following

conditions:

– CO2 concentration = saturation

– Corrosion inhibitor concentrations: 0, 25, 100, and

200 ppm

– Temperature = 20 �C

– Atmospheric pressure

– Flow rates: 0.51, 0.70, 2.27, and 2.53 m s-1

The experimental impedance results were analyzed in

terms of equivalent circuits using ZView software. The

equivalent circuit typically used to describe the behavior of

film-formed inhibitor was used in this study.

All electrochemical tests were conducted once the

steady-state was reached. The steady-state condition was

considered achieved when the measured corrosion poten-

tial (Ecorr) changed \5 mV during a 10 min period.

3 Experimental results and discussion

Polarization diagrams were used to determine Tafel

regions, passivity, and regions under mass-transfer control.

3.1 Anodic polarization

Figure 4a shows two anodic polarization curves measured

in the CO2-saturated test solution, for full pipe flow at

velocities of 0.51 and 2.53 m s-1. These flow rates are the

lowest and highest rates tested. It is observed that these

anodic curves are identical; this fact indicates that there is

no effect of flow on the anodic kinetics. This observation

suggests that the anodic kinetics of the corrosion process is

under activation control.

3.2 Cathodic polarization

Figure 4b shows four cathodic polarization curves mea-

sured in the CO2-saturated test solution. These curves

correspond to flow rates of 0.51, 0.70, 2.27, and

2.53 m s-1. Here one notes that, at potentials lower than

Fig. 2 Electrochemical pipe test segment (cross section) diagram:

three-electrode set-up. CE counter electrode of platinum wire, RE
reference electrode, saturated calomel electrode, WE working elec-

trode, AISI-1018 steel ring

Fig. 3 Chemical structure of 3-amino-1,2,4-triazole (aminotriazole

or 3-AT)
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-0.95 V (SCE) approximately, the cathodic curves show a

limiting current density (ilim) section. This ilim increases as

the flow rate in the pipe segment also increases, from

4.37 9 10-4 A cm-2 at a flow rate of 0.51 m s-1 to

7.06 9 10-4 A cm-2 at a flow rate of 2.53 m s-1. It is

important to note that the increment of the measured ilim
between flow rates of 2.27 and 2.53 m s-1 is lower than the

ilim increment recorded between 0.51 and 2.27 m s-1.

The effect of flow rate on the limiting current density is

shown in Fig. 5. In order to determine if the cathodic

process is under mass-transfer control, the values of lim-

iting current densities, ilim are taken from Fig. 4b at a

potential value of -1.05 V (SCE) for each flow rate, within

the mass-transfer region of the polarization curve. Plotting

those ilim values as a function of the flow rate, Fig. 5, a

linear relationship can be observed. This analysis shows

that the measured ilim is affected by the flow rate and fol-

lows a linear behavior so that a mass-transfer control is

expected.

The flow-dependent cathodic diffusion-limited current

densities have been measured before in the 1970s [4] and

explained in the literature [2, 3].

The electrochemical reaction that is assumed to be

responsible for the cathodic process is

2Hþ þ 2e� ) H2: ð1Þ

Dissociation of H2CO3 serves as an additional source of H?

ions, which are subsequently reduced according to Eq. 1.

In addition, there is a possibility that direct reduction of

H2CO3 can take place:

2H2CO3 þ 2e� ! H2 þ 2HCO3
�: ð2Þ

Reduction of bicarbonate ions and hydrogen evolution by

direct reduction of water requires a pH [ 5, and thus it is

not taken into consideration.

Additionally, some important questions concerning the

mass transport are not analyzed in this article, for example:

1. How is the mass transport occurring: through the

pores? through the inhibitor?

2. What species are diffusing? Some candidates are: Cl-,

H2O, H2CO3, CO3
2-, and Fe2?.

3. Is the thickness of inhibitor film mass transport

controlled?

3.3 Corrosion potential, Ecorr

Ecorr measurements were made to detect the variations in

the corrosion process taking place on the surface of the

working electrode. As can be observed in Fig. 6a, the

measured Ecorr values slightly increased to the more noble

(anodic) direction within the first few minutes of exposure.

Considering the flow rate (Re number), Ecorr remains

practically unchanged as the Re number increased. Fig-

ure 6b shows the measured values of Ecorr versus the flow

rate in terms of the Re number. This behavior is unex-

pected for a mass-transfer controlled process.

3.4 Effect of aminotriazole on Ecorr

The effect of aminotriazole concentration on the Ecorr is

shown in Fig. 7. As can be observed, the change of
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corrosion potential Ecorr due to the addition of aminotria-

zole is negligible. Previous studies [5, 6] show that, if the

shift of corrosion potential due to the addition of an

interface inhibitor is negligible, the inhibition is most

probably caused by a geometric blocking effect of the

adsorbed inhibitive species on the surface of the corroding

metal. Therefore, a possible way to decrease the corrosion

is the blocking of the active sites on the metal surface by

adsorbed aminotriazole molecules. This may change the

average activation energy barriers of the anodic and

cathodic reactions, and thus change the corrosion potential.

This happens because the adsorption of aminotriazole

molecules is a chemical adsorption process, which involves

the donation of a pair of electrons present on the nitrogen

atom to iron metal. The N–C–N bond in aminotriazole

molecules possess the p–p conjugation property, which

remarkably strengthens the chemical adsorption of the

nitrogen atom on the metal surface [7, 8].

When no inhibitor is present, a layer of corrosion

product FeCO3 mixed with Fe3C is present on the metal

surface [9]. This non-protective layer will form additional

cathodic reaction sites, and thus will not decrease the

overall corrosion rate. The non-conductive nature and

cathodic properties of iron carbonate scales even in the

presence of Fe3C have been demonstrated by Schmitt et al.

[10]. Therefore, the main function of the adsorption of

aminotriazole molecules is to block these active sites and

change the reaction activation energy.

Furthermore, the adsorbed aminotriazole molecules

could also form an interface network above the metal

surface, restraining the movement from the bulk solution to

the metal surface of the corrosion product Fe2? and the
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electrochemical active species H?, HCO3
-, and H2CO3.

The accumulation of ferrous ion (Fe2?) next to the metal

surface will increase its local concentration in situ,

increase supersaturation with respect to iron carbonate

FeCO3 at the surface, and lead to the formation of iron

carbonate in the pores. This will reduce the number of

active sites [9].

3.5 Electrochemical impedance spectroscopy (EIS)

Figure 8a–d show the EIS data measured at different flow

rates and inhibitor concentrations as Nyquist diagrams. The

equivalent circuit typically used to describe the behavior of

an electrode coated with a non-conducting inhibitor film

was used in this study [11–13]. This circuit is shown in

Fig. 9. The shape of the impedance spectra and the nature

of chemical compound used as inhibitor suggested that the

impedance response of the system can be fitted by an

equivalent circuit model that considers a coated metallic

surface, a R(RC)(RC) circuit.

Figure 8a shows the Nyquist impedance plot of the

carbon steel measured in the test solution at flow rates of

0.51, 0.70, 2.27, and 2.53 m s-1 and inhibitor concentra-

tion of 0 ppm (blank test). Figure 8a shows that the

Nyquist impedance plots are semicircles at the four flow

rates tested. This observation indicates that the same

electrochemical process is taking place at all the flow rates

tested. This means that the electrode reaction is controlled

only by charge transfer. This behavior can be interpreted

according to a simple circuit model, Rs(RctCdl). The

impedance associated with the solution resistance (Rs) is

24 X cm2 Rct is the metal charge-transfer resistance, and

Cdl is the double layer capacitance. Rct, which represents

corrosion rate, can be obtained by the intersection of the

diameter of the semicircle with the real impedance axis. In

general, as the flow rate increases, the measured impedance

decreases, that is, the diameter of the semicircle Rct,

decreases. The impedance values measured at the lower

frequency values of the spectra that is associated with the

charge-transfer resistance (Rct) change from 213 X at a

flow rate of 0.51 m s-1 to 149 X at a flow-rate of

2.53 m s-1 (Fig. 8a). By comparing Rct at different

velocities, it is found that at Ecorr potential value, Rct

decreases with increase in velocity. This indicates that the

corrosion rate becomes high as the velocity is increased.

Figure 8b shows the EIS data measured in the test

solution at flow rates of 0.51, 0.70, 2.27, and 2.53 m s-1

and an inhibitor concentration of 25 ppm. The shape of the

impedance spectra is similar to those shown in Fig. 8a.

This observation indicates that the same electrochemical

process is taking place at all the tested flow rates in the

presence of inhibitor. The impedance associated with the

solution resistance (Rs) is 26 X cm2. The flow dependence

of the impedance, shown in Fig. 8a, can also be observed in

the presence of 25 ppm of inhibitor. However, there is no

clear effect of the inhibitor on changing the diameter of the

measured semicircles. This observation indicates that, at

this concentration, the inhibitor has no effect on the elec-

trochemical process.

Figure 8c shows the EIS results measured in the test

solution at the four flow rates studied 0.51, 0.70, 2.27, and

2.53 m s-1 and an inhibitor concentration of 100 ppm. The

shapes of the impedance spectra are similar to the ones

observed at concentrations of 0 and 25 ppm of inhibitor in

the test solution, indicating that the same electrochemical

process takes place on the surface of the test coupons.

There is also a clear flow dependence of the measured

impedance. As the flow rates increase, the measured

diameter of the semicircles recorded decreased. The mea-

sured Rct value varies from 772 X at a flow-rate of

0.51 m s-1 to 155 X at a flow rate of 2.53 m s-1. It is also

evident that the impedance values are, in general, higher

that those shown in Fig. 8a, b. This fact clearly indicates

that there is an effect of this concentration of inhibitor upon

the measured corrosion rate. It can be said that, at

100 ppm, the tested inhibitor decreases the corrosion rate

of the steel. However, this inhibiting effect is affected by

flow rate. As the flow rate increases, the corrosion rate is

also increased.

Figure 8d shows the EIS results measured in the test

solution at flow rates of 0.51, 0.70, 2.27, and 2.53 m s-1

and an inhibitor concentration of 200 ppm. The shapes of

the EIS spectra are similar to those found in all previous

Fig. 8a–c, indicating that the electrochemical process tak-

ing place is essentially the same at all conditions. In gen-

eral, at this inhibitor concentration, the measured

impedance showed the highest values of all experiments.
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The associated values of Rct measured vary from 1,584 X,

at a flow rate of 0.51 m s-1, up to 369 X, at a flow-rate of

2.53 m s-1. This fact clearly indicates that the lowest

corrosion rates can be expected at this inhibitor concen-

tration at all flow rates tested. However, there is a clear

flow dependency of the measured impedance. Therefore,

the expected corrosion rate has a flow dependency. In

general, as the flow rate increased the measured corrosion

rate also increased.

Additionally, most of the EIS diagrams clearly exhibit an

inductive loop in the low frequency range; such behavior is

common in the case of CO2 corrosion. This low frequency

time constant is ignored for the moment in the analysis of

impedance. Thus, the equivalent circuit proposed does not

fit the low-frequency part of the Nyquist diagrams.

Considering the nature of the chemical compound used

as inhibitor and recognizing that in the Nyquist represen-

tations of the EIS data well-defined semicircles are

Fig. 8 Nyquist representation of the impedance at four flow rates.

AISI-1018 steel samples in pipe flow test segment, 3% NaCl aqueous

solution, saturated with CO2. a No inhibitor added (0 ppm), 20 �C;

b corrosion inhibitor concentration of 25 ppm, 20 �C; c corrosion

inhibitor concentration of 100 ppm, 20 �C; and d Corrosion inhibitor

concentration of 200 ppm, 20 �C
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obtained, a R(RC)(RC) typical equivalent circuit was used,

Fig. 9, to analyze the results. This circuit considers a

solution resistance (Rs), a solution resistance in porous

inhibitor film (Rpif), a capacitor inhibitor film (Cpif), a

charge-transfer resistance (Rct), and a double layer capac-

itance (Cdl). All the experimental data were fitted to this

electric circuit model, using Scribner’s Zplot software

Version 2.7.

The slight increase of corrosion rate (represented as 1/Rct

values) without inhibitor, shown in Fig. 10a may suggest

that little or no protective corrosion-product film has been

formed on the metal surface. Little information has been

reported concerning the electrochemical behavior of cor-

rosion layers formed on steel in-pipe flow. When carbon

steel is exposed, the corrosion product FeCO3 and the iron

carbide, cementite, Fe3C from the steel itself may form a

mixture on the metal surface [14]. The main effect of

cementite is then to form additional cathodic reaction sites.

The solubility of FeCO3 is less sparingly soluble in a CO2

containing solution with a high HCO3
- content [15].

Therefore, it is possible that most of the product of

anodic reaction, ferrous ion, will dissolve in the water-

forming FeCO3 scales especially at high turbulent condi-

tions. This will then leave at the steel surface some un-

corroded Fe3C released from the corroded steel. This forms

a conductive, porous layer on which the cathodic reaction

can take place.

Figure 10a shows the corrosion rate, as 1/Rct, at different

flow rates. It can be seen that the 1/Rct at 200 ppm is lower

than those at 100 and 25 ppm. This indicates that the

inhibitor is more effective at this concentration under tur-

bulent flow conditions, independent of the flow rate. This

also suggest that the charge-transfer resistance from EIS tests

could be used to study and compare the corrosion rates under

different flow conditions. These results indicate that the

corrosion process is impeded by the addition of the inhibitor.

Grimm and Landolt [15] explained that a mass-transport

limited current plateau, such as can be seen in Fig. 4b, can

be due to the formation of a corrosion product layer. They

pointed out that the rate of dissolution at the current limit

was controlled by the rate of mass transport of ferrous ion

from the layer into the solution.

One useful method to characterize the mass-transfer

influence on the corrosion process is the analysis proposed

by Silverman [16], but it should be pointed out that this

approach is valid for rotating cylinder electrodes.

Plotting the inverse of Rct, 1/Rct, as a measure of the

estimated corrosion rate versus the logarithm of the flow

rate a linear relationship can be observed (Fig. 10b). If the

data points or slope are similar to those expected from the

literature-derived relationship for the rotating cylinder,

mass transfer probably controls the corrosion rate. Per-

forming a linear regression of the data points produces a

reasonable agreement between measured and calculated

values in the regression. This analysis provides experi-

mental evidence that corrosion rate in turbulent flow con-

ditions could be diffusion controlled. According to

Silverman [16], if the slope of the regression, 0.81 in this

particular case, Fig. 10b, corresponding to 200 ppm of

aminotriazole is much greater than 0.75, artifacts such as

surface roughness or particulate erosion could be affecting

the results. If the slope of the regression lies between about

Fig. 9 Equivalent circuit used. Rs solution resistance, Rct charge-

transfer resistance, Cdl capacitance of the double layer, Rpif resistance

in the porous inhibitor film, and Cpif capacitance in the porous

inhibitor film
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0.65 and 0.75, the corrosion rate is likely to be significantly

influenced or even controlled by mass transfer.

Figure 10a shows the comparison of corrosion rate

values as 1/Rct at 0, 25, 100, and 200 ppm of inhibitor as a

function of the flow rate. The most remarkable phenome-

non in the diagram is that the 1/Rct values at 200 ppm are

very low. Further, the 1/Rct values at 25, 100, and 200 ppm

of inhibitor continuously increase as a function of flow rate,

which suggest that the inhibitor is more effective at lower

flow rates and provides experimental evidence about the

weakness of the inhibitor film.

Many researchers have been working on the perfor-

mance and mechanisms of the inhibitors based on the test

results in small-scale laboratory systems. The studies of

Mansfeld [17] point out that the interface inhibition pre-

sumes a strong interaction between the corroding substrate

and the inhibitor. The two-dimensional adsorbate layer can

affect the basic corrosion reactions in various ways [9]:

• that caused by the geometric blocking effect of

adsorbed inhibitive species on the metal surface;

• that due to the effect of blocking the active sites on the

metal surface by adsorbed inhibitive species;

• that due to the electrocatalytic effect of the inhibitor or

its reaction products.

For the first case, the inhibition comes from the reduction of

reaction area on the surface of the corroding metal, whereas

for the other two models, the inhibition effects are due to the

changes in the average activation energy barriers of the

anodic and cathodic reactions of the corrosion process.

In this study, an equivalent circuit model shown in Fig. 9 is

proposed to simulate the simple corrosion processes shown in

Fig. 11. According to the previous sudy [18–21], the Rpif in

Fig. 9 has been interpreted as the pore solution resistance due

to electrolyte penetration through the pores of inhibitor film.

The capacitance Cpif has been interpreted as the capacitance of

the dielectric inhibitor film. However, in a real system, film on

the metal surface is a complex layer of both inhibitor and

corrosion products films [9]. In this study, the film on the metal

surface when inhibitor is present in solution is simply treated

as inhibitor film since inhibitor molecules also treat corrosion

product layer as its surface. The resistance and capacitance of

the porous film can be written as [9, 18, 20].

Rpif ¼ q
d

Apo

ð3Þ

Cpif ¼ Cs þ Cinh ¼ e0ers

Apo

d
þ e0erf

Apif

d

¼ e0ers

Apo

d
þ e0erf

A� Apo

d
ð4Þ

Figure 12 shows the results obtained. As shown in this

figure, the pore solution resistance Rpif, which represent the

diffusivity of the electroactive species, decreases as a

function of the flow rate, especially for the higher flow rate

values. It is also obvious that higher Rpif values are

obtained for 200 ppm of aminotriazole. By increasing

inhibitor concentration, two effects can be expected: an

increase of the thickness of the inhibitor film d and a

decrease in the area of pores in the inhibitor film.

Accordingly, an increase in Rpif values occurs.

On the contrary, the effect of flow seems to affect the

persistence of the inhibitor film formed upon the metal

surface. The introduction of an inhibitor into the electric

double layer changes its composition and structure [1]. The

inhibitor molecules on the metal surface affect the electric

double layer by causing a change in the dielectric proper-

ties of water molecules in the electric double layer. In this

case, they may change the orientation of the dipoles of the

water molecules which causes lowering of the dielectric

constant and then decreases the double-layer capacitance.

The decrease of double-layer capacitance may also be due

Fig. 11 Schematic of a simple inhibitor film model [9]
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to the decrease of the area where electrolyte is present due

to the formation of the inhibitor film [9].

Equation 4 shows that the overall film capacitance is the

combination of capacitance of inhibitor molecules and the

solution capacitance in the pores. When more and more

inhibitor molecules adsorb on the surface, it can be seen,

Fig. 13, that the inhibitor film capacitance Cpif becomes

much lower. The decrease of overall film capacitance may

suggest that the electrical permittivity of inhibitor mole-

cules is relatively much lower compared to the relative

electrical permittivity of water, about 80 (20 �C). There-

fore, the decrease of the capacitance could result from both

the increase of area (Apif) where inhibitor molecules adsorb

and the increase of thickness (d) of the inhibitor film.

On the other hand, the Rpif, which represents the resistance

of electrochemical species transporting to and from the sur-

face and bulk solution, increases from 120 X at 25 ppm to

1,550 X at 200 ppm at the lower flow rate, 0.51 m s-1,

Fig. 12. Since the Rpif is proportional to the thickness of the

path in which electrochemical species diffuse and Cpif is

inversely proportional to the thickness of the film, the increase

of the thickness of the inhibitor film is then unexpected. Thus,

the decrease of the pore size due to the formation of a dense

inhibitor film may explain the phenomenon. The reduction of

the pore size decreases not only the overall diffusion area

(Apo) but also the conductivity of the electrochemical species

in the porous medium. A very dense inhibitor film will also

decrease the number of the kinetic active sites where the

anodic and cathodic reactions can take place, and, accord-

ingly, decrease the corrosion rates [9].

From the above analysis, it can be concluded that the

formation of a dense inhibitor film on the metal surface can

be used to explain both the decrease of charge-transfer

resistance and the decrease of the electrical properties such

as the porous film inhibitor (Cdl).

4 Conclusions

• The compact design of the flow loop constructed in this

study can easily and economically be used in the

evaluation of inhibitor performance, and its electro-

chemical behaviour in turbulent flow conditions.

• The aminotriazole inhibitor has some inhibitive effects

in CO2 corrosion of steel which may be due to

adsorption and formation of a protective inhibitor film.

• There is a clear flow dependency of the electrochemical

process taking place on the surface of the steel electrode.

• The flow dependency of the electrochemical process is

detected by means of the variation with the flow-rate in

the loop of the measured corrosion rate (expressed in

terms of Rct
-1) and the resistance and capacitance of

the inhibitor film, Rpif and Cpif.

• The results obtained in this study indicate that the

inhibitor concentration is not the sole factor to be

considered in the qualification of the performance of a

corrosion inhibitor. This is due to the fact that flow can

also have a major effect upon the electrochemical

corrosion process.

• Corrosion potential analysis suggest that the most likely

way to decrease the corrosion rates is the effect of

blocking the active sites on the metal surface by

adsorbed aminotriazole molecules.

• With the increase of the inhibitor concentration, the

inhibitor film capacitance decreases, while the pore

solution resistance increases.

• The analysis shows that the formation of a very dense

inhibitor film on the metal surface, rather than an

increment of film thickness, could be used to explain

both the decrease of charge-transfer resistance and the

decrease of film capacitance.

• The information of charge-transfer resistance from EIS

tests provides a very useful way to study performance

of inhibitors. Other information such as film and

double-layer capacitance can be used to characterize

the mechanism of the inhibitor film.
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