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Abstract

Corrosion of carbon steel in the oil and gas industry is a serious problem directly as-
sociated with economic loss and safety risks. As the equipment used in the industry is
faced with corrosive environment, i.e. CO2 or acidic conditions, corrosion inhibitors are
applied in order to have corrosion under control. Since acid such as hydrochloric acid or
acetic acid is widely used for the removal of scale in the equipment, there are corrosion
inhibitors specifically against acids. Electrochemical methods have been widely used with
the purposes of testing and analysing corrosion inhibitors.

The objective of this master thesis was to compare efficiency of various acid corrosion
inhibitors under different experimental conditions using C1020 steel. The inhibition ef-
ficiency was studied by weight loss experiments and electrical impedance spectroscopy
(EIS) at different temperatures and acid concentrations. Beside EIS measurements open
circuit potential (OCP) measurements and potentiodynamic polarization measurements
were carried out as well. OCP was the measure for the stability of the system and with
polarization measurements statements about the modus of inhibitors could be made,
whether they are anodic or cathodic or mixed type of inhibitors. Furthermore, scanning
electron microscopy (SEM) was used to determine whether crevice corrosion has occurred,
which would impact the EIS experiments and produce incorrect data.

Besides comparing the efficiency of inhibitors, an adequate method to improve the repro-
ducibility of electrochemical impedance spectroscopy was developed. A few experimental
parameters were varied in order to improve the repeatability, such as the duration of
OCP measurement, stirring during the OCP measurement or the method of adding the
inhibitor, either adding it directly, diluted in hydrochloric acid or in methanol.

iii



Acknowledgements

I am grateful to OMV Exploration & Production GmbH in Gaenserndorf and Dipl.-Ing.
Dr. techn. Gerald Zehethofer for the financial support.

I would like to express sincere gratitude to my supervisor Ao.Univ.Prof. Dipl.-Ing.
Dr.techn. Paul Linhardt for his support and providing me with a precious opportu-
nity to work on an interesting project for my master thesis.

Besides my supervisor, I also would like to thank Dipl.-Ing. Dr. techn. Sarah Hurch for
supervising me at OMV Exploration & Production GmbH in Gaenserndorf with endless
patience, support and immense knowledge. Furthermore, I would like to thank Dipl.-Ing.
Dr. techn. Stefan Hoenig for the technical support and advice.

I am also grateful to Dipl. Ing. Guenther Ball who has helped me throughout my
thesis.

Last but not least, I would like to thank my family for supporting me in every aspect of
my life.

iv



1 Introduction

1.1 Motivation

A study released in 2002 revealed that the U.S. spends $276 billion to fight the conse-
quences of corrosion which is approximately 3.1% of the nation’s Gross Domestic Product
(GDP) [1]. It is estimated that the corrosion costs $4 trillion a year globally, which is
comparable to damages caused by 40 Hurricane Katrina [2]. These costs cover prevention
and control of corrosion as well as damages and lost productivity [2]. Moreover, in 1996
$3.7 billion were spent in the petroleum industry in the U.S. for the same purpose [1].
Corrosion research is important not only from the economical view, but it is also in our
interest because it is directly related to public safety as corrosion occurs from infrastruc-
ture (e.g. bridges, pipelines), to food processing, to transportation industry (e.g. motor
vehicles, ships, aircraft) [1].
Corrosion is one of the biggest problems encountered in oil and gas industries, due to
complexity of facilities, demanding production techniques and environmental and public
safety threats in case components fail: In November 2013, a leaking oil pipeline caught
fire in China and the explosion killed at least 62 people and wounded 136 [3]. Corrosion
problems in oil and gas industry could occur at different stages in production, transporta-
tion and storage and/or various wells [4]. Since corrosion takes so many forms and is a
natural process, it is almost impossible to prevent. However, there are various methods
to control corrosion dependent on the used material and environment. It is crucial to
understand corrosion mechanisms in order to monitor and prevent it.
Metal and metal alloys are the most widely used materials in various industrial appli-
cations, including the petroleum industry. Approximately 8% of the global production
of metal is used for the petroleum industry [5]. The most common metal alloys are the
ones with iron as the base element (ferrous alloys). Due to the low cost and material
properties such as ductility, welding and forming abilities, carbon and alloyed steels are
commonly used, except for cases where the operating condition is so severe, that higher
grade materials must be used, such as nickel alloys or 28 Cr (Alloy 28) [6]. Carbon steel
is used for pumps, valves, tubing and pipes; 98% of construction materials is made of
carbon steel [4]. Despite its versatility, corrosion resistance of carbon steel is not always
sufficient.
Corrosion is defined as the process of decay or deterioration of material caused by chem-
ical or electrochemical reaction with the environment. There are conditions which need
to be met so that electrochemical corrosion can occur:
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• Metal

• Oxidant

• Electrolyte - electrically conducting solution, e.g. water.

Electrochemical corrosion is a redox reaction, in which reduction and oxidation take place
simultaneously, when two different electric potentials come into contact with electrolyte -
site where oxidants react will have more positive potential and site where metal oxidises
to ions will have more negative potential.
It is well known that materials used in oil and gas industry are prone to corrosion due to
severe conditions, e.g. high temperatures and pressures. The pressure can be increased
to 15000 psi and beyond and the temperature to 350�C [6]. Furthermore, contaminants
such as dissolved carbon dioxide (CO2) and hydrogen sulfide (H2S) cause sweet and sour
corrosion respectively. Carbon steels are exposed to oxygen, salt, water and acids: Water
injection - as one of the methods used to increase oil recovery from reservoir - and use of
acids are one of the factors for this exposure. Corrosion caused by aforementioned factors
is by far the most frequent form found in oil and gas production [7].
Although it is impossible to prevent metals from corrosion, there are methods to have
it under control, through e.g. applying protective coatings, cathodic protection or using
corrosion inhibitors. Among different methods for corrosion protection, corrosion in-
hibitors present an effective and flexible approach for corrosion control and is a standard
method applied in oil and gas production [8][9]. Selection of inhibitors is complicated
due to variability of corrosive environments, legal requirements and environmental con-
cerns [8]. The type selection and the dosage of inhibitors depend not only on working
conditions, such as acid used and its concentration, temperature and pH value but also
on the material the inhibitors are supposed to protect. The first generation of acid in-
hibitors contained highly toxic organic arsenic compound [10] and was commonly used in
mid-20th century [11]. However, due to formation of poisonous arsine gas under acidic
conditions, organic arsenic compounds were replaced by inorganic salts and then subse-
quently by organic molecules containing N, O, P or S heteroatoms [12]. Most commonly
used corrosion inhibitors are derivatives of carboxylic acid, amines, amides, imidazolines
and sulfur - containing organic molecules [13]. How inhibitors protect metals is based
mostly on interaction with a metal surface, forming a thin protection layer.
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1.2 Aim of the current work

As corrosion inhibitors are crucial in oil and gas production from many aspects, the main
aim of this work was to investigate the effectiveness of various acid corrosion inhibitors on
carbon steel under a variety of conditions relevant to the oil industry. The experiments
were carried out by means of weight loss and electrochemical experiments. Moreover,
of particular interest of the project was to develop an electrical impedance spectroscopy
method, which delivers reproducible results under the same circumstance. Developing
such a method enables quality insurance of corrosion inhibitor, as the inspection of pur-
chased inhibitors is facilitated.
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2 Background and Literature Review

2.1 Corrosion

In wide sense corrosion is defined as degradation of a material, which includes metals
and non-metallic materials such as polymers or ceramics. However, generally corrosion
is taken as a natural process occurring between metal and its environment which leads
to gradual destruction of metals by chemical or electrochemical reaction [14]. Corrosion
for metals and alloys can be classified into three main categories [15]:

• Wet corrosion - As the name already refers, wet corrosion occurs when metals are
exposed to an aqueous environment. The electrochemical processes takes place on
the surface of the metals while the metals are converted into dissolved species or
solid products [15].

• Corrosion in other fluids - Here corrosion arises in non-aqueous environment, such
as molten salts or liquid metals [16][17]. This type of corrosion is not caused only
due to electrochemical attack on metals, but also because of reaction between the
metal alloy and the salt or the impurities in the salt [15].

• Dry corrosion - It is called also high temperature corrosion. When metals and alloys
are exposed to aggressive gases or air, they undergo dry corrosion.

Generally the most common form among those three is the wet corrosion [15]. In an
galvanic cell, chemical energy is converted into electrical energy. When metal is exposed
to an aqueous environment, the liquid medium acts as an electrolyte. The electrode at
which chemical oxidation occurs is known as anode. Generally the anodic reaction can
be expressed as follows:

M(s) ! M+n + ne– (1)

During the anodic reaction for iron, it loses electrons and becomes a positively charged
ion:

Fe ! Fe+2 + 2e– (2)

The electrode at which chemical reduction occurs is known as cathode. The electrons
released from the anode must be consumed simultaneously at the cathode and this can
be done in various ways. Once electrons are produced from the anodic reaction, these
can go through the the solid metal and reduce hydrogen ions to hydrogen gas (hydrogen
evolution).

2H+ + 2e– ! H2(g) (3)
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In an acidic solution with presence of oxygen, combination of hydrogen ions and electrons
leads to reduction of hydrogen ions. As a result, the solution becomes less acidic:

O2 + 4H+ + 4e– ! 2H2O (4)

If the medium is neutral or basic, then it becomes more basic:

O2 + 2H2O + 4e– ! 4OH– (5)

Despite the fact that cathodic and anodic reactions must happen simultaneously with
the equivalent rate, it is usually recognized that the anode is where metal loss takes place
[18].
Wet corrosion is most associated also in the oil and gas industry and the following lists
a few types which are related to this work [19]: General corrosion, crevice corrosion,
galvanic corrosion and sweet corrosion.

• General corrosion - It is also called uniform corrosion as the electrochemical reac-
tions occur uniformly on the entire exposed metal surface. It can be relatively easily
detected unless the corroding material is hidden from the sight. It is also considered
less troublesome compared to other types of corrosion since the life of equipment
can be estimated by determining its thickness (e.g. ultrasonic inspections).

• Crevice corrosion - Normally it is a localized attack, which arises in crevices or
cracks between two joining surfaces [18]. The gap can be between metal and metal
or metal and non-metal. Typically it can be found between a gasket and a metal
surface [20]. Due to the geometry free access to the surroundings is limited, which
leads to different concentration of chemical species such as oxygen and chloride: in
the crevice there is low oxygen concentration because it is needed for the reaction
(see equations 1 and 5) with metal and supply of more oxygen through the diffusion
is restricted [18]. The crevice serves as anode and the surface above the crevice
which has more access to the surroundings serves as cathode (see Figure 1). The
chloride ions and metal ions form together metal chloride which can hydrolyse and
eventually lowers the pH [21]:

MCln + nH2O ! M(OH)n + nHCl (6)
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Figure 1: Schematic description of crevice corrosion [18].

• Galvanic corrosion - Also known as bimetallic corrosion, is induced when two ma-
terials of different electrochemical potentials are in electric contact in a corrosive
electrolyte [18]. The less noble metal becomes an anode and corrodes and at the
same time the more noble metal acts as the cathode and can be protected from
corrosion. Figure 2 displays what galvanic corrosion looks like.

Figure 2: Galvanic corrosion [22].

• Sweet corrosion - CO2 has been recognized as one of the main factors for corrosion in
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the oil and gas production systems [23]. Carbon dioxide gas itself is not corrosive,
however it becomes corrosive and promotes electrochemical reactions when it is
dissolved in an aqueous medium forming carbonic acid [18]:

CO2 + H2O ⌦ H2CO3 (7)

Carbonic acid can subsequently dissociate and hydrogen ions can be formed:

H2CO3 ⌦ HCO–
3 + H+ (8)

HCO+
3 ⌦ CO–2

3 + H+ (9)

Since carbonic acid exists in solution only under the circumstance when it is in
equilibrium with carbon dioxide, the concentration of the acid in the aqueous phase
is lower than the concentration of CO2.

2.2 Faraday’s law

If an anodic reaction takes place and an electric flow is promoted, this current can be con-
verted into equivalent mass loss according to Faraday’s law. Faraday’s laws of electrolysis
relate the amount of material produced and the number of electrons involved during an
electrochemical reaction. Mathematically the law can be expressed as follows:

Q = F ·DN · n, (10)

where Q is the charge, F is the Faraday number (96485 C/mol of electrons), DN the
change in the number of moles and n the number of electrons per molecule of the species
being reacted [18]. The total charge can be calculated by integrating the current over the
time.

2.3 Acid treatment

Acid treatment, also called acidizing, is widely used in oil and gas industry to enhance the
well productivity. It has been commercially available since 1932 and thanks to effective
corrosion inhibitors the treatment is commonly used today [24]. The treatment utilizes
injecting acids, such as hydrochloric acid, hydrofluoric acid or acetic acid in order to
increase the permeability of the original reservoir through chemical reactions [25]. Acids
react usually with calcite, limestone and dolomite in rocks and dissolve them, which leads
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to enlarged flow channels.
Acids are also often used to remove scale and are applied when new wells are drilled and
drilling mud has to be removed before the production starts [12]. These scale removal
treatments are carried out with 15% HCl at approximately 60 �C [12]. As the acids are
injected into the system through pipes made of steel, it is crucial to protect the pipes
from the corrosive media.

2.4 Corrosion inhibitors

Corrosion inhibitors are added in low concentration (usually less than 1000 ppm [13])
to decrease the corrosion rate and reduce the metal dissolution. Commercially available
corrosion inhibitors are a mix of different substances. It is generally agreed that the
inhibitors in acid solutions are first adsorbed on the metallic surface and then act to
retard the electrochemical corrosion process. As the inhibitors can react with the metal
and environment in numerous ways, which can also occur simultaneously, it is difficult
to assign one single mechanism to an inhibitor. The experimental conditions such as
temperature, pH value, presence of other chemical species or nature of the acid have
great influence on which mechanism would be dominant of all.
Inhibitors can be adsorbed on the metallic surface and the inhibitive efficiency is generally
proportional to the surface coverage. However this cannot be applied to all inhibitors,
because if some inhibitors are overdosed, such as thiourea and amines, they may enhance
corrosion. There are a few factors which have impact on the surface coverage or adsorption
of inhibitors:

• Physical adsorption - Due to the electrically charged metal surface or already ad-
sorbed ionic species, inhibitor ions or molecules in solution can be adsorbed. De-
pending on the potential of the surface, different types of molecules are attracted:
anions are drawn to a positively charged metallic surface.

• Chemisorption - Transition metals have vacant electron orbitals with low energy.
This feature allows electron transfer between inhibitors and metal species and es-
tablish a coordinative type of link. Inhibitors with lone pair electrons or p-electron
systems, e.g. aromatic rings are prone to form this type of "bond".

• Reaction of adsorbed inhibitors - Once the adsorbed species react with the metal,
in some cases, they form products, which also have inhibitive effects (secondary
inhibition). The efficiency of secondary inhibition may be lower or higher than the
primary inhibition, therefore its effectiveness is decisive for the overall inhibitive
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efficiency: for example, sulfoxides can be reduced to sulfides which have higher
inhibitor efficiency.

• Interaction between adsorbed species.

Corrosion inhibitors can be classified in many ways. They can be classified into (1)
passivators, (2) organic inhibitors and (3) vapor-phase inhibitors or inorganic inhibitors,
organic anionic and organic cationic.

2.4.1 Anodic corrosion inhibitors

Anodic corrosion inhibitors (also known as passivating inhibitors) form a protective oxide
film and stabilize the damaged passive film on the metal surface[26]. This protective
insoluble film is formed, when anodic inhibitors react with the corrosion product [27].
As anodic corrosion inhibitors block the anodic reaction, the corrosion potential of the
metal is shifted [27]. Chromates, nitrite and nitrate are oxidizing anions which are used
as anodic corrosion inhibitors and they can passivate steel in the absence of oxygen [28].
Other types of anodic corrosion inhibitors are nonoxidizing ions and they passivate steel
in the presence of oxygen - phosphate, tungstate and molybdatee can be classified to this
type [29].

2.4.2 Cathodic corrosion inhibitors

Similar to anodic corrosion inhibitors, cathodic corrosion inhibitors act against corrosion
by interfering with the cathodic reduction reaction (hydrogen gas evolution) and slowing
the rate of cathodic reaction itself (cathodic poisons) [30]. Because both anodic and
cathodic reactions have to occur at the same time, the whole corrosion process is retarded.
However, the major drawback of this type of inhibition is the increase of susceptibility to
hydrogen embrittlement. This is due to the increased concentration of hydrogen atoms
on the surface since the recombination of hydrogen atoms is inhibited. The hydrogen
atoms on the surface can be absorbed and diffuse into the metal and form blisters (see
Figure 3)[30].
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(a) Schematic illustration of formation of hydrogen blister [31].

(b) Hydrogen blisters on steel [31].

Figure 3

Another mode of action includes precipitation selectively on the cathode (cathodic pre-
cipitators), which leads to limiting the diffusion of oxidizing species [28].

2.4.3 Mixed type corrosion inhibitors

Besides cathodic and anodic corrosion inhibitors there are also mixed type corrosion
inhibitors. Approximately 80% of organic compounds can be categorized as mixed in-
hibitors [29]. They affect both cathodic and anodic reactions. Typically they form a film
so that anodic and cathodic surfaces are blocked (physical adsorption).

2.5 Electrochemically measuring corrosion

To determine corrosion rate weight loss measurements or electrochemically methods can
be used. Weight loss measurements are cheaper and simpler to carry out, however it
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requires longer experiment duration.
In this thesis three electrochemical techniques were used in order to compare the cor-
rosion inhibitors and evaluate the electrolyte system: Open circuit potential (OCP),
electrochemical impedance spectroscopy (EIS) and polarization method. Besides the EIS
measurement, all measurements were done using a three electrode system, which is the
most popular set-up in electrochemical studies [32].

2.5.1 Three electrode system

A three electrode system consists of working electrode, counter electrode and reference
electrode (see Figure 4). The current travels between the working electrode and a counter
electrode, also called auxiliary electrode. The potential of a reference electrode is known
and as the name reveals already, the reference electrode acts as a reference in measuring
the working electrode potential.The reference electrode should pass as little current as
possible to ensure the reliable reference for potential control [32]. The reference electrode
is positioned near to the working electrode in order to minimize solution resistance. Com-
monly used reference electrodes are Ag/AgCl electrode or saturated calomel electrodes.

Figure 4: An illustration of a three electrode set-up [33].

2.5.2 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy has become a powerful electrochemical tech-
nique which is applied in a wide range of fields, including corrosion science, battery
development and fuel cell testing [34][35][36]. Regarding oil and gas industry, EIS en-
ables to investigate whether the corrosion inhibitor formed an adsorbed film or an organic
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coating [37]. The principle of EIS will be explained following.
The Ohm’s law is stated as:

R =
V
I

(11)

where R is the electrical resistance [W], V the voltage or potential [V] and I the cur-
rent [A]. The law describes the electrical resistance when the current goes through an
electrical element. However, only one circuit element, the resistor can be described by
this relationship, thus impedance Z should be used to describe more complex systems
with capacitors or inductors [38]. Similar to resistance R, Impedance Z is the measure of
resistance in a circuit when alternating current is applied.
Electrochemical impedance spectroscopy applies sinusoidal alternating voltage over a
range of frequencies to an electrochemical cell, then the current through the cell is mea-
sured and analysed over the same range of frequencies, which is also an AC current
signal [38]. However, the response can shifted in phase or time, depending on the system
measured (see Figure 5).

Figure 5: Delayed response [38].

The phase shift between the voltage and current waves can be expressed as an angle
which is dependent on how much time one sine wave takes.
Mathmatically impedance Z can be expressed as:

Z =
Vac
Iac

(12)

Vac is the excitation signal and Iac is the current response. They can be described as
follows:

Vac = V0 exp(jwt) (13)

Iac = I0 exp(jwt – jf) (14)
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V0 is the amplitude of the voltage, j the imaginary number, t the time, I0 the amplitude
of the current and f the phase shift. w is the angular frequency:

w = 2pf (15)

Combining these equations and applying Euler’s relationship (equation 16), the impedance
can be separated into real and imaginary parts, shown in equation 17.

exp(jf) = cos(f) + j sin(f) (16)

Zreal = Z0 = Z0 cos(f)

Zimg = Z00 = Z0 sin(f)
(17)

The f is the phase angle, Zreal is the x-axis and -Zimg is the y-axis of the Nyquist plot.
The impedance is characterized by the magnitude of the impedance |Z| (also called the
modulus of the impedance), the phase and the frequency. To display EIS measurements
Bode plots (see Figure 6) are often used, where these three parameters are plotted [38].
The frequency can vary from 100000 Hz to lower than 0.001 Hz, thus frequency (x-axis)
is plotted logarithmically and the magnitude as well.
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Figure 6: Typical Bode diagram. Frequency was varied from 0.01 Hz to 80160 Hz.

Another way of representing EIS data is by using a Nyquist plot. The x-axis and y-axis
are real and imaginary part of the impedance respectively (see Figure 7).
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Figure 7: Nyquist plot. Frequency was varied from 0.01 Hz to 80160 Hz.

2.5.3 Open circuit potential (OCP)

An open circuit potential (OCP) refers to a circuit with no external current flowing
through the cell [39]. It represents the potential difference between the working elec-
trode and a reference electrode. It is also known as the equilibrium potential or corrosion
potential Ecorr. The value of corrosion potential depends and is a result of anodic and
cathodic reactions [40]. Ecorr can be shifted in positive direction when the current density
of anodic reaction decreases or current density of cathodic reaction increases. Further-
more, it is crucial that the system has reached the quasi-steady state before beginning
electrochemical experiments and OCP measurement allows to monitor the system in this
respect. Figure 8 depicts the OCP vs. time during addition of a corrosion inhibitor in
15% hydrochloric acid at room temperature.
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Figure 8: Open circuit potential as a function of time of an inhibitor in 15% HCl at room
temperature.

2.5.4 Potentiodynamic/galvanic polarization

The electrodes are connected to the potentiostat. This device controls the potential of
the working electrode (sample) and measures the current. Galvanostat, on the other
hand, controls the current and measures the potential. During the potentiodynamic
polarization the "equilibrium" corrosion process is perturbed due to the flow of current
and the potential of working electrode is forced to shift from the Ecorr. If the potential
is forced to shift above the open circuit potential, then it is called "anodic polarization".
In the other case, when the potential is shifted below the open circuit potential then it is
called "cathodic polarization". When the logarithm of the absolute value of the current
density, log |i | is plotted against the voltage E, then polarization curves can be plotted.
Figure 9 shows polarization curves for iron in 1 M hydrochloric acid in absence of oxygen
[41].
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Figure 9: Polarization curves for iron in 1 M HCl in absence of oxygen [41].

With the polarization curves the corrosion rate can be determined by applying the Tafel
extrapolation method. If the anodic and cathodic curves are linear (Tafel behavior) as
shown in the Figure 9. They can be extrapolated back to zero overvoltage, which are
called anodic and cathodic Tafel slopes. From the Tafel slopes Tafel constants ba and bc
can be calculated. The intersection of these two slopes represents the corrosion potential
Ecorr and the corrosion current density icorr. The Tafel extrapolation method is based
on the Butler-Volmer equation:

inet = icorr[eanF(E–Ecorr/RT) – e–(1–a)nF(E–Ecorr)/RT] (18)

Tafel diagramms are useful to determine the efficiency of an inhibitor. It can be calculated
by applying the following formula:

IE(%) =
Icorr – I⇤corr

Icorr
x100, (19)

whereas Icorr and I⇤corr are corrosion current density without and with the corrosion
inhibitor respectively [42].
Tafel plots provide a fairly rapid method to determine corrosion current, which is related
to corrosion rate. However, experimentally it is possible that the linear extrapolations
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of anodic and cathodic polarization curves do not meet at Ecorr. One of the reasons for
this is due to ambiguous linear Tafel regions, which leads to subjective interpretation of
corrosion current value. Figure 10 shows potentiodynamic polarization curves, which are
troublesome to lay definite extrapolation line on [43].

Figure 10: Potentiodynamic polarization curves of metals with different heat treatment
[43].
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3 Experimental

In this chapter details of procedure of executed experiments will be described including
used equipments and chemicals. This includes softwares for the collection and analysis
of potentiometric data. The metal coupon used for the study are a C1020 alloy.

3.1 Weight loss experiments

3.1.1 At normal pressure in glass flasks

• Without inhibitors: The metal samples were cut into the dimension of 60 x 16 x
1.6 mm3 and washed and brushed vigorously with a scouring agent before using.
Afterwards, they were rinsed with tap water and acetone and dried with compressed
air. The samples were weighed accurately before the measurement. Each coupon
was immersed in a round bottom flask filled with a hydrochloric acid solution (250
ml), which had been submerged in a water bath (LAUDA ECO E 40 S, USA) at the
desired temperature an hour before. After a certain amount of time the samples
were taken out of the round flasks and were rinsed with tap water and acetone,
dried with compressed air and weighed. These blank measurements were carried
out with various concentrations of HCl solutions at different temperatures (see Table
1). Cooling fingers were placed on the flasks to avoid excessive evaporation of acid
(see Figure 11).

Temperature [�C]
25 55 77

HCl conc. [wt. %]
(t1,t2 [h])

1 (3, 5.7) 1 (3, 5) 1 (3, 5)
8 (3, 5.7) 8 (3, 5) 8 (3, 5)
15 (3, 5.7) 15 (3, 5) 15 (3, 5)
28 (0.5, 1) 28 (0.5, 1) 28 (0.5, 1)

Table 1: Overview of executed blank measurements with varying temperature, concen-
tration of medium and duration.

• With inhibitors: The dimension of used coupons was 126.6 x 16 x 1.6 mm3. For
weight loss experiment with inhibitors 500 ml flasks were filled with 500 ml of 15
wt.% or 28 wt.% HCl solution. Concentrations of tested inhibitors were 0.1 vol.%,
0.5 vol.% and 2 vol.%. For the lowest concentration (0.1 vol.%), 5 ml of inhibitor
was diluted in 45 ml hydrochloric acid solution, which has the same concentration
as the testing medium. For the other two concentrations (0.5 vol.% and 2 vol.%)
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Figure 11: Flasks with lids in the water bath.

inhibitors were added directly into the flasks with a pipette. After the addition, the
flasks were shaken to achieve the maximum mixing of two different media. Then
two coupons were immersed into one flask one after the other. Due to the gas
formation during the corrosion process, the flask opening was sealed with Parafilm
M and two holes were made with scissors (see Figure 12). The flasks were left in
the fume hood and the temperature was kept at room temperature throughout the
experiment. The overview of executed experiments can be shown in the Table 2.

Figure 12: A flask containing two coupons submerged in 15 wt.% HCl solution and 0.1
vol.% butindiol and the sealed opening with two holes.
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HCl conc. [wt. %] Inhibitor conc. [vol. %] Time [h]
Exp. 1 15 0.1 64
Exp. 2 15 0.5 70.5
Exp. 3 28 0.1 79
Exp. 4 28 0.5 69
Exp. 5 28 2 70.5

Table 2: Overview of executed weight loss measurements with inhibitors.

Before and after the weight loss experiments with inhibitors, the metal samples
were scrubbed with scouring agent, rinsed with acetone and dried with pressurized
air before they were weighed.

3.1.2 Autoclave experiments

The autoclave experiments were planned and conducted by Michael Janka and Dr. Stefan
Hoenig.
The metal coupons were prepared in the same manner as the weight loss experiments in
glass flasks at normal pressure, placed on the sample holder made of PTFE and inserted
to the autoclave (see Figure 13). Then the autoclaves were evacuated.

Figure 13: Components of an autoclave and the metal coupons on the sample holder.

Similar to the weight loss measurements the autoclaves are filled with the testing solution
(pH=3 - Citrate buffer solution and osmose water) and 1000ppm inhibitor. Furthermore,
gas (CO2 at 20 bar or N2 at 5 bar) was introduced at desired pressure in order to simulate
the condition in which the metal coupons and the inhibitors are set in actual oil field.
The autoclaves are set on the wheel in the drying chamber at 60�C (see Figure 14).
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Figure 14: Autoclaves placed on the wheel apparatus.

The coupons were left in the autoclave for 5 days. After the experiment the metal coupons
were scrubbed, rinsed with acetone and dried with pressurized air in the same manner as
for the glass flask measurements.

3.2 Electrochemical methods

3.2.1 Sample preparation

Working electrodes and counter electrodes were prepared identically. Metal coupons of
the dimension 126.6 x 16 x 1.6 mm3 were prepared in the same manner as for weight loss
experiments. However, further steps were necessary: coupons were polished with silicon
carbide abrasive grinding paper of 320 grit (Struers, Austria) at 300 RPM with water on.
The device used for polishing was RotoPol-31, Struers, Austria. Specimens were rinsed
with acetone and dried with compressed air (see Figure 15).

Figure 15: Polished sample.

Polished coupons were then laid on a ruler and 1 cm above one end of a coupon was marked
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with a pencil. Then approximately 0.5 cm above the mark a film (ScotchcalTMElectroCutTM,
3M, USA) was attached to the coupon (see Figure 16)

Figure 16: A coupon covered with a film.

The bottom 1 cm of a specimen was covered with polytetrafluoroethylene (PTFE) tape
(see Figure 17a), in order to avoid contamination with the acrylic resin and to minimize
contact with the air. Acrylic resin (VersoCit-2, Struers, Austria) was applied in the area
between the PTFE tape and the film in order to avoid the direct contact of the film with
the 15% HCl solution (see Figure 17b). VersoCit-2 powder and VersoCit-2 liquid were
mixed in ratio of 1.5 to 1 by weight and the system was stirred until the mixture was
homogeneous and it was applied on samples with a wooden stick. The applied resin was
cured over the night in a fume hood.
The prepared coupon used for the EIS measurement is shown in the Figure 18.

(a) (b)

Figure 17: A coupon tip wrapped with PTFE tape and consequently applied resin.
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Figure 18: A prepared coupon, which can be used for EIS measurements.

The working electrode and counter electrode had the surface area of 3.76 cm2.

3.2.2 Experimental set-up

All electrochemical measurements were performed within a glass double-wall jacketed
cell, which had a plastic cover with openings for electrodes and gas in and outlets. The
double-wall enables measurements at various temperatures, as it is connected to a ther-
mostat (Fisher Scientific Polystat 36, USA). The test cell was located in a Faraday cage
to shield the electromagnetic waves. The Faraday cage was connected to the potentiostat
(IPS AJ), with which all the data of electrochemical measurements were obtained (see
Figure 21). All electrochemical measurements were carried out either with purged CO2
or open to the air.

As an electrolyte 500 ml of 15 wt.% HCl was used, for which 31 wt.% HCl solution
(Donau Chem, Austria) was diluted with deionized water. Acid inhibitors were used as
received. As a reference substance, 1,4-butindiol (99%, Sigma Aldrich, USA) solution was
used (25 wt.% in ultrapure water). Polished carbon steels (prepared as described above
in 3.2.1) were used as working and counter electrodes and they were mounted between
half conical frustum shaped rubber parts and fixed with a metal string (see Figure 19).
The electrodes were connected to the potentiostat using crocodile clamps. For linear
polarization measurement platinum wire was used as a counter electrode (see Figure 20).
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Figure 19: Electrodes mounted in conical frustum shaped rubber.

Figure 20: Platinum wire counter electrode for polarization curve measurements.

As a reference electrode a silver/silver chloride electrode (Sensortechnik Meisenberg GmbH,
Germany) was used. The reference electrode was connected to a connector, which was
filled with a 3 molar potassium chloride electrolyte solution (Metrohm AG, Switzerland).
For each measurement the electrolyte solution from the previous measurement was re-
moved from the connector and fresh solution was refilled without introducing any air
bubbles. The whole set up can be seen in the Figure 21.
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Figure 21: Experimental setup for polarization measurement : a) Ag/AgCl reference elec-
trode, b1) counter electrode, b2) working electrode for EIS and OCP measure-
ments, c) platinum wire counter electrode, d) glass double-wall jacketed cell,
e) magnetic stirrer.

Measurements in CO2 environment were executed after purging the electrolyte for one
hour previously in order to obtain CO2 saturated HCl solution. The gas was introduced
and dispersed into the system through a gas washing bottle head with filter. For cleaning
acetone and reverse osmosis water ran through the used gas washing bottle heads with
filter through a pump (Watson Marlow 323 Peristaltic Pump, USA, see Figure 22).

Figure 22: Cleaning gas washing bottle head with acetone using a pump.
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3.2.3 Experimental procedure

The working electrode and the counter electrode were immersed 1 cm into the electrolyte
for 20 min to establish quasi steady state before starting measurements, while the sys-
tem was stirred with a magnetic stirrer. Blank electrochemical impedance spectroscopy
measurements were carried out within frequencies from 80160.3 Hz to 0.01 Hz, whereas
an amplitude of 10 mV AC signals was used.
After the blank EIS measurement open circuit potential (OCP) measurement took place
for an hour, during which the system was stirred with a magnetic stirrer. Acid inhibitor
was added 5 minutes after the beginning of OCP measurement, either directly with a
pipette or diluted in methanol or HCl. When a pipette was used for the dispensing in-
hibitor into the electrolyte, the tip did not touch the surface of the electrolyte solution.
Moreover, due to the viscosity of acid inhibitors, only the necessary depth of a tip was im-
mersed during aspiring the liquid. During OCP measurements changes in potential over
the time was recorded. Once OCP measurement was terminated, the magnet stirrer was
turned off and unplugged and the EIS was carried out three times consecutively within
the same frequency range as the blank measurement. The potentiodynamic polarization
measurements were performed in the potential range of -600 mV to -100 mV. Cathodic
and anodic branches were measured with two seperate coupon pairs. The potential was
plotted versus logarithm of corrosion current density I (versus Ag/AgCl reference elec-
trode) with a scan rate of 0.1 mV/s.
The acquired electrochemical impedance data were analyzed using the impedance fitting
software Zview.

3.3 Surface investigation

Samples after the OCP, EIS and polarization measurements were put under a microscope
to have a closer look on the surface underneath the acrylic resin, in order to check whether
crevice corrosion has occurred during the electrochemical measurements. The samples
were cut slightly above the film and put on a sample holder (see Figure 23).
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Figure 23: Cut sample and the sample holder.

The sample and sample holder were placed on the sample chamber with resin for mounting
(CitoPress-5, Struers, Austria). The mounting parameters were as following: 150�C,
300 bar and 5 minutes. Once the mounting process was finished (see Figure 24a), the
sample was grinded to remove the upper 1mm layer (MD-Piano 80, Struers, Austria)
and consequently polished with a series of resin bonded diamond discs with decreasing
particle size (MD-Piano 120, and MD-Allegro Struers, Austria) and DP-Spray P 9 and
6mm (Struers, Austria) were spread on the discs before the polishing. Finally, the polished
sample (see Figure 24b) was put under the microscope and pictures were taken.

(a) (b)

Figure 24: Mounted sample before and after the polishing.
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4 Results and Discussion

4.1 Weight loss measurements

4.1.1 Autoclave measurements

The autoclave experiments were executed in order to study the effect of lower pH on in-
hibitor efficiency. One experiment was carried out in pH3-Buffer with nitrogen pressure
of 5 bar and the other experiment in osmose water with 20 bar of carbon dioxide. In both
cases inhibitors were added with 1000 ppm. The results of the autoclave experiments are
represented in the Figure 25.
In osmose water with CO2 and a theoretical pH value of 3.27, Inhibitor A had the lowest
corrosion rate lower than 0.1 mm/y. Inhibitor B ranked as the second best, however the
best seven (Inhibitor A, B, C, D, E, F, G) out of tested ten inhibitors showed comparable
result with corrosion rate lower than 0.2 mm/y. Inhibitor I was only slightly better than
blank. One inhibitor (Inhibitor J) showed higher corrosion rate than blank values, in
other words, this inhibitor even promotes corrosion of metal coupons. This inhibitor was
disqualified from further tests.
In pH3-Buffer Inhibitor B had the lowest corrosion rate with lower than 0.5 mm/y. From
the seven inhibitors with the lowest corrosion inhibitors (Inhibitor A, B, C, E, G, I, J)
in this experiment, five of them (Inhibitor A, B, C, E, G) were already included in the
best seven from the osmosis experiment. Unlike experiments done in osmosis water, in
pH3-Buffer solution all inhibitors were proved to have lower corrosion rate than the blank
value. Furthermore, Inhibitor I had the lower range of corrosion rate in pH3-Buffer exper-
iment unlike in osmosis water with 20 bar of CO2. Besides the corrosion rate, parameters
such as toxicity of inhibitors were taken into account. The choice of inhibitors for further
studies includes butindiol, as a simple reference substance. It is known for its corrosion
inhibition characteristics [44]. Moreover, the rank of inhibitors according to corrosion
rate varies as the experimental condition changes. Therefore, a few inhibitors with the
lowest corrosion rate from both experiments were taken into account, which are Inhibitor
B, C, D, E and I.
Despite the comparable pH value of the two experimental condition, the overall corrosion
rate in the experiment in osmosis water is lower than the other. This can be attributed to
the presence of chloride ions (in the pH3-Buffer solution), which are thought to be neces-
sary for the corrosion initiation as they can de-passivate passive films due to their small
radius [45]. Furthermore, several publications suggest that chloride ions have remarkable
influence on the protective efficiency of ferrous metal [46].

29



(a)

(b)

Figure 25: Autoclave experiments in two different medium: (a) osmosis water with 20
bar CO2 (no Cl– present), (b) pH3-Buffer with 5 bar N2 (Cl– present).
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4.1.2 Blank measurements

The weight loss of metal specimens after the exposure to 1%, 8%, 15% and 28% HCl for
a certain amount of time was calculated in g/m2h. The result is illustrated in Figure 26,
which shows clearly that the elevation of temperature and higher concentration of the
media enhance the weight loss. As expected no linear relationship between temperature
and weight loss was observed. It is well known that the corrosion rate can generally be
described by the Arrhenius equation, which suggests the corrosion rate follows the shape
of exponential function and inverse of absolute temperature [47]:

k = A ⇤ exp– E
RT (20)

where k stands for the rate, A the proportionality constant, E the activation energy
(J/mol), R the gas constant (8.314 J/mol K) and T the absolute temperature (K). More-
over, it can be seen (Figure 26c) that the higher the temperature is, the change of con-
centration has more severe impact on metal coupons. It was observed that increased
exposure time leads to decreased corrosion rate, which can be noticed especially well at
higher temperature. This decrease in corrosion rate can be explained by reaching the
chemical equilibrium, as more and more Fe ions are dissolved in the solution. Further-
more, as corrosion proceeds hydrogen atoms evolve on the surface of the metal and they
would disturb oxidants to reach the metal.
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Figure 26

4.1.3 Measurements with inhibitors

For the comparison of inhibitors inhibitor efficiency (IE) was calculated using the following
formulas:

n =
⇣W1 – W2

ST

⌘
(21)

IE(%) =
⇣n0 – n
n0

⌘
· 100 (22)

where n is the corrosion rate, W1 and W2 are the weight of coupons before and after
the experiment respectively. S is the surface area and T is the immersion time. n0 was
obtained from the blank measurements and n from the measurements in the presence of
inhibitors. The results are depicted in the Figures 27 to 30. It is noticeable, that the
increase of inhibitor concentration changes the IE the most in case of butindiol, regardless
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of HCl concentration and the temperature. Inhibitor E on the other hand shows the least
change of IE, when it is added in lower or higher concentration into 15 and 28% HCl
solution. This indicates butindiol is underdosed.

Figure 27: Inhibitor effiency in 15% HCl in room temperature. The tested concentrations
of inhibitors were 0.1 vol.% and 0.5 vol.%.

Figure 28: Inhibitor effiency in 28% HCl in room temperature. The tested concentrations
of inhibitors were 0.1 vol.%, 0.5 vol.% and 2 vol.%.

33



Figure 29: Inhibitor effiency in 15% HCl at 77�C. The tested concentrations of inhibitors
were 0.1 vol.% and 0.5 vol.%.

Figure 30: Inhibitor effiency in 28% HCl at 77�C. The tested concentrations of inhibitors
were 0.5 vol.% and 2 vol.%.

It is worth noting, that the performance of Inhibitor D decreases dramatically, when
the temperature is elevated to 77�C, its performance is even lower than the reference
substance butindiol. However, it should be taken into account, that butindiol was diluted
25 wt.% and once again diluted to either 0.1 vol.%, 0.5 vol.% or 2 vol.%, whereas the
inhibitors were diluted directly from the mother solution. Furthermore, it should be
mentioned that Inhibitor B also shows corrosion inhibition properties in every executed
experiment even better than some "acid corrosion inhibitors". This inhibitor is sold as
a "normal" oil field inhibitor and is usually used to prevent CO2 corrosion. Inhibitor C,
E and I are the three best inhibitors in all executed experiments. Results of experiments
at room temperature show inhibitor efficiency of these three inhibitors are over 98%,
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apart from Inhibitor C with 97.28% (0.1 vol.% in 28 % HCl). Inhibitor E has only slight
improvement in IE when the concentration is increased from 0.1 vol.% in 15 % HCl and
28 % HCl. Even though the inhibitor efficiency is more or less the same within the three
inhibitors, by looking at their corrosion rates Inhibitor C is the best corrosion inhibitor
at room temperature. When it was dosed with 0.5 vol.% (in 15 %HCl and 28% HCl) it
had the least corrosion rate and the corrosion rate was more or less the same when it was
dosed at 0.5 % or 2 %.
Experiments carried out at 77�C proved Inhibitor C was the best inhibitor with the
lowest corrosion rate and the highest IE. The second best was Inhibitor E. However,
its corrosion rate is the double of Inhibitor C. Inhibitor D has even lower IE than the
reference substance butindiol and proves to be not adequate as acid corrosion inhibitor
at higher temperature.
The corrosion rate and inhibitor efficiency of each inhibitor are shown in the Tables 3 -
6.

Inhibitor
0.1 vol.% 0.5 vol.%

n [g/m2h] IE [%] n [g/m2h] IE [%]
Inhibitor B 1.37 94.49 1.09 95.60
Inhibitor C 0.29 98.83 0.15 99.38
Inhibitor D 2.11 91.52 1.07 95.71
Inhibitor E 0.34 98.63 0.18 99.26
Inhibitor I 0.25 98.98 0.16 99.37
Butindiol 6.90 72.22 2.49 89.90

Table 3: Corrosion rate n and inhibitor effiency of C1020 alloy in 15% HCl at room
temperature. The tested concentrations of inhibitors were 0.1 vol.% and 0.5
vol.%.
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Inhibitor
0.1 vol.% 0.5 vol.% 2 vol.%

n [g/m2h] IE [%] n [g/m2h] IE [%] n [g/m2h] IE [%]
Inhibitor B 19.30 94.37 15.05 95.90 5.33 98.45
Inhibitor C 9.29 97.29 0.09 99.97 0.08 99.98
Inhibitor D 63.26 81.55 29.21 91.48 5.89 98.28
Inhibitor E 1.01 99.70 0.22 99.93 0.10 99.97
Inhibitor I 4.91 98.57 0.47 99.86 0.21 99.94
Butindiol 92.94 72.95 60.76 82.28 30.56 91.09

Table 4: Corrosion rate n and inhibitor effiency of C1020 alloy in 28% HCl at room
temperature. The tested concentrations of inhibitors were 0.1 vol.%, 0.5 vol.%
and 2 vol.%.

Inhibitor
0.1 vol.% 0.5 vol.%

n [g/m2h] IE [%] n [g/m2h] IE [%]
Inhibitor B 174.14 82.37 164.87 83.31
Inhibitor C 2.99 99.70 2.80 99.72
Inhibitor D 499.74 49.40 314.50 68.15
Inhibitor E 6.34 99.36 4.13 99.58
Inhibitor I 16.24 98.36 5.36 99.46
Butindiol 118.51 54.58 96.74 90.20

Table 5: Corrosion rate n and inhibitor effiency of C1020 alloy in 15% HCl at 77�C. The
tested concentrations of inhibitors were 0.1 vol.% and 0.5 vol.%.

Inhibitor
0.5 vol.% 2 vol.%

n [g/m2h] IE [%] n [g/m2h] IE [%]
Inhibitor B 850.03 81.25 731.51 83.87
Inhibitor C 14.67 99.68 3.64 99.92
Inhibitor D 2482.2 45.26 781.74 82.76
Inhibitor E 28.39 99.37 8.72 99.81
Inhibitor I 199.95 95.59 7.51 99.83
Butindiol 1966.9 56.62 513.25 88.68

Table 6: Corrosion rate n and inhibitor effiency of C1020 alloy in 28% HCl at 77�C. The
tested concentrations of inhibitors were 0.5 vol.% and 2 vol.%.
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4.2 Polarization curves measurements

Polarization curve experiments were conducted as the last step of an experiment with
one set of metal coupons, as it is a destructive method, since corrosion is forced on the
working or counter electrode depending on the anodic or cathodic measurement. Current
response is recorded against the potential and it allows the study of anodic (dissolution of
mild steel) and cathodic (hydrogen evolution) responses. The experiment was conducted
as described in the chapter 3.2.3.
Tafel polarization curves for C1020 alloy steel in 15% HCl solution with two inhibitor
concentrations (0.1 vol.% and 0.5 vol.%) at room temperature are shown in Figure 31
and 32. It can be seen clearly in both figures, that the addition of inhibitors decreases the
values of anodic and cathodic current density, which suggests that the tested inhibitors
are mixed-type inhibitors. It is noticeable in both figures, that the anodic curve of
Inhibitor I has significantly lower values of current density than the other inhibitors,
suggesting that this inhibitor prevents anodic reaction more effectively compared to the
others. Similarly, increase of concentration leads to higher protection of steel with both
cathodic and anodic reaction suppression (see Figure 33) It is worth noticing in Figure
33c, that higher concentration of Inhibitor I leads to significant shift of Ecorr to higher
potentials, resulting in higher resistance to corrosion.

Figure 31: Tafel polarization curves of different inhibitors with 0.1 vol.% measured at
room temperature in the open air without CO2.
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Figure 32: Tafel polarization curves of different inhibitors with 0.5 vol.% measured at
room temperature in the open air without CO2.

(a) (b)

(c)

Figure 33: Comparison of polarization curves of each inhibitors with different concentra-
tions in 15 % HCl at room temperature without CO2.
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(a) (b)

(c)

Figure 34: Comparison of polarization curves of each inhibitors (0.1 vol.%) with and
without CO2 in 15% HCl at room temperature.

Potentiodynamic polarization curves for C1020 in carbon dioxide saturated HCl solution
are illustrated in Figure 34. Three inhibitors with the highest IE values resulting from
the weight loss experiments were selected for this experiment. In the presence of carbon
dioxide Inhibitor C and Inhibitor E show reduced current density of the steel compared to
experiments without CO2. However, the cathodic reaction was not suppressed as much
as the anodic reaction. Inhibitor I, on the other hand, displays gentle increase of cathodic
and anodic corrosion current density in the presence of CO2. Tafel polarization curves of
different inhibitors in carbon dioxide saturated HCl solution are plotted together in the
Figure 35. Inhibitor C and Inhibitor E show almost the same cathodic polarization be-
haviour, which suggests that their protection mechanisms are similar [48]. The Inhibitor
C has the lowest current density.
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Figure 36 displays polarization curves of inhibitors with 0.1% at 50�C and all inhibitors
have lower anodic and cathodic current density than the blank experiment, which was
also proven in the experiment at room temperature (see Figure 31). Among all tested
inhibitors, Inhibitor I has the lowest current densities, which is the same at the room
temperature without CO2.

Figure 35: Tafel polarization curves of different inhibitors with 0.1 vol.% measured at
room temperature, while carbon dioxide gas was purged into the electrolyte.

Figure 36: Tafel polarization curves of different inhibitors with 0.1 vol.% measured at
50�C without CO2.
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4.3 Open circuit potential (OCP)

Observing OCP as a function of time counts as an important method to detect initiation
of corrosion [49]. By monitoring change of OCP value a simple statement about the state
of the film on the metal can be made. Furthermore, shift of OCP can mean either one
side reaction was heightened or the other lowered. If the potential is steady, then there is
no change in film. The Figure 37 illustrates the course of potential as a function of time.
The addition of Inhibitor E at approx. 300 seconds induces sharp rise of OCP, which
drops rapidly and slowly rises again. After some time decrease of the potential becomes
steady, which indicates the formation of inhibitor film on the sample was still ongoing.
The continuous growth of the film could be also seen in the impedance data (Figure 38).
It shows three consecutive measurements, black curve being the first measurement and
the blue the last. The first measurement was carried out 55 minutes after the addition
of inhibitor, the second measurement 65 minutes and the third measurement 75 minutes.
The radius of the semicircle grows in the Nyquist plot and similarly the increase of
resistance can be found in the Bode plot.

Figure 37: OCP curve in 0.1% Inhibitor E at 50�C.

Inhibitor I, on the other hand, shows more or less steady potential after 2400 seconds,
from which also intact film formation can be presumed (see Figure 39). The Figure 40
shows the impedance measurements, which were executed three times consequently with
one single pair of coupons. The first measurement was carried out 55 minutes after the
addition of inhibitor, the second measurement 65 minutes and the third measurement
75 minutes. The impedance curves in the Nyquist plot are spiky, which are not easy to
interpret, however, the Bode plot (Figure 40b) has fairly smooth lines, from which the
steady protection of metal is proved. Furthermore, when the inhibitor was added, the
OCP shifted towards more positive value which means the surface became nobler and
the passive protective film is formed on the surface [52]. Figures 41, 42 and 43 are
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(a) (b)

Figure 38: (a) Nyquist plot and (b) Bode plot of Inhibitor E at 50�C with 0.1% concen-
tration.

OCP plots of Inhibitor E, but in different experimental conditions. Further OCP plots
are presented in appendix, which is the measure whether EIS measurements were carried
out in the quasi-steady state.

Figure 39: OCP curve in 0.1% Inhibitor I at RT.
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(a) (b)

Figure 40: Nyquist plot and Bode plot of Inhibitor I at room temperature with 0.1%
concentration.

Figure 41: OCP curve in 0.1% Inhibitor E at RT in CO2 saturated hydrochloric acid
solution.

Figure 42: OCP curve in 0.1% Inhibitor E at RT without CO2.
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Figure 43: OCP curve in 0.5% Inhibitor E at RT without CO2.
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4.4 Electrochemical impedance spectroscopy measurements

Electrochemical impedance spectroscopy was used in order to investigate the corrosion
behaviour of steel in the presence and absence of inhibitors in diluted hydrochloric acid
solution. The equivalent electric circuits in Figure 44 were used to fit the impedance
data. Rel [W] in the model represents the solution resistance, the summation of the R0,
R1 and R2 (and R3) represents polarization resistance (Rp [W]) and CPE a constant
phase element. The models in Figure 44a and 44b were used for data with and without
an inductive loop respectively. By using these models excellent fits were achieved as it
can be seen in the Figure 45.

(a) (b)

Figure 44: Equivalent electric circuit model used to fit impedance data.

(a) (b)

Figure 45: Fitted impedance data of (a) Inhibitor D at room temperature (b) Inhibitor I
at room temperature with 0.5% concentration without CO2.
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The inhibition efficiency (or protection rate) was calculated as follows:

IE =

 
Rp – R0

p
Rp

!
⇤ 100 (23)

As it was discussed before, Rp was calculated according to the model as follows:

Rp = R0 + R1 + R2 (+R3) (24)

Rp and R0
p are the transfer resistance with and without the inhibitor (blank value),

respectively. As R0
p five blank values were chosen for each set of experiments and an

average was calculated and the average value was used to calculate the inhibitor efficiency:
For example five blank values at room temperature without CO2 were taken and this
average was used as R0

p and IE of inhibitors at this exact condition was calculated. Taking
the averaged R0

p values is justified, as the blank values of all individual measurements are
more or less the same within the identical experimental condition (see Figure 46).

(a) (b)

Figure 46: Nyquist plot for C1020 steel in 15% HCl solutions without CO2 at room tem-
perature (a) and 50�C (b).

The Nyquist plot for C1020 alloy in 15% HCl solution at room temperature and at 50�C
is presented in the Figure 47a and 47b. As it can be seen, Inhibitor I has the largest
radius and Butindiol the smallest, which indicates that they protect the metal surface
the best and the least, respectively. It is also notable that the radius decreases as the

46



temperature is set higher. At the room temperature, zigzag type pattern was observed

(a) At room temperature with 0.1% inhibitor. (b) At 50� with 0.1% inhibitor.

Figure 47: Nyquist plot for C1020 steel in 15% HCl solutions with 0.1% inhibitor at
different experimental conditions.

mainly on the curves with the two largest arc radius (Inhibitor E and I). The same
trend was shown also when the measurement was executed at 50�C. Interestingly, the
frequency (and resistance) at which the round arc of a semicircle stops varies depending
on the inhibitor. For instance, it was 3.976 Hz (480W) and 5 Hz (825 W) for Inhibitor
E and I at room temperature, respectively (shown in the Figure 47a). At the elevated
temperature shown in Figure 47b the frequency lowers to 2 Hz where the noise starts
showing (in case of Inhibitor I). From this it can be deduced that this atypical pattern
is not solely caused by high Z’. One possible explanation for this zigzag pattern is the
instability of the system, i.e. the system had not reached the quasi-steady state during
the measurement. Thus, OCP measurements of Inhibitor B and I are compared, as
OCP measurement is a measure of the stability of a system (see Figure 48 and 49). For
the comparison Inhibitor B was chosen as it showed smooth curve in Nyquist plot in
Figure 50. OCP measurement of Inhibitor B suggests (Figure 49), that the system had
not reached the quasi steady state yet as the potential varies. On the other hand, the
open circuit potential of Inhibitor I did not show much change compare to Inhibitor B,
displaying quasi steady state .
Another factor which may have caused the zigzig pattern is the potentiostat itself. As the
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Figure 48: OCP measurement of Inhibitor I at 50�C with 0.1% inhibitor.

Figure 49: OCP measurement of Inhibitor B at 50�C with 0.1% inhibitor.

Figure 50: Nyquist plot of Inhibitor B at 50�C with 0.1% inhibitor.

flaw in the instrument was considered, a test was run with a dummy cell. The identical
measurement was run with a different instrument in TU Wien in order to compare the
results and it is represented in the Figure 51. Similar to the measurements with inhibitors
zigzag pattern was shown as the resistance exceeds 750 W (red line). The measurement
run at TU with a different instrument, on the other hand, shows an intact semi circle.
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Figure 51: Nyquist plot of a dummy cell measured with two different instruments.

From this comparison, it can be concluded that the instrument does contribute to the
highly fluctuating resistance values to a certain degree.
The inhibitor efficiency was calculated and is shown in the Table 7.

Inhibitor
IE [%]

RT 50�C
Inhibitor B 96.73 ± 0.1 94.85 ± 1.15
Inhibitor C 98.85 ± 0.04 99.43 ± 0.20
Inhibitor D 98.48 ± 0.05 98.95 ± 0.29
Inhibitor E 98.97 ± 0.03 99.00 ± 0.24
Inhibitor I 99.52 ± 0.02 99.68 ± 0.15
Butindiol 76.99 ± 0.76 56.62 ± 4.92

Table 7: Inhibitor efficiency of inhibitors (0.1 vol.%) measured with EIS at room temper-
ature and 50�C.

At room temperature and 50�C butindiol has the lowest IE. This was expected as butin-
diol is a single substance that was used diluted and is not a sophisticated mixture of
interacting compounds like commercial acid corrosion inhibitor. Other than Inhibitor B,
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all inhibitors have comparable IE, ranging between 98% and 99%. Lower IE of Inhibitor
B was not a surprise, as it was designed for less corrosive environment than HCl. How-
ever, IE values calculated from EIS are not considered as a optimal mean of comparing
the performance of inhibitors, since the Rp of Inhibitor D is approximately one third
of Inhibitor I at both temperatures and the IE value difference is only 1%. Therefore,
another parameter normalized polarization resistance, Rpn was additionally calculated
by using this equation:

Rpn =
Rp · A

2
, (25)

whereas A stands for the surface area of the sample (3.76 cm2). The Rpn values are shown
in the table 8. By listing the normalized polarization resistance, the effect of increasing
temperature can be clarified. At the elevated temperature lower Rpn was observed for
all the used chemicals and the normalized polarization resistance of Inhibitor C and I are
reduced by around 3.5. Rpn of other inhibitors and butindiol were decreased by up to
factor 10.

Inhibitor
Rpn [W cm2]

RT 50�C
Inhibitor B 395.71 ± 15.44 39.67 ± 2.34
Inhibitor C 1123.45 ± 46.52 301.99 ± 128.93
Inhibitor D 869.09 ± 136.79 199.33 ± 34.59
Inhibitor E 1248.68 ± 29.60 205.78 ± 20.50
Inhibitor I 2663.01 ± 49.90 738.05 ± 254.30
Butindiol 56.08 ± 0.64 9.21 ± 0.47

Table 8: Normalized polarization resistance of inhibitors (0.1 vol.%) measured with EIS
at room temperature and 50�C.

The EIS measurements were executed at room temperature with 0.5% inhibitor without
CO2 and 0.1% with CO2. These spectra are presented in the Figure 52. Similar to the
Figure 47, zigzag patterns can be found also in these experiments. The black curve in
the Figure 52a (Inhibitor I) shows clearly two impedance loops. The first loop at high
frequency range is a polarization resistance loop and the second loop at low frequency
is an inductive loop. It is challenging to characterize how many loops the impedance
response consists of due to the severe fluctuation within the other two curves (Inhibitor
C and E in Figure 52a). The same applies to the impedance response of Inhibitor E and
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I in the Figure 52b, even though the atypical pattern may be not too severe in case of
Inhibitor I. Tables from 9 to 12 show that the Inhibitor I has the highest IE and Rpn in
carbon dioxide saturated HCl at room temperature with 0.5 vol.%, however without the
presence of CO2 and the concentration was reduced to 0.1 vol.%, then the Inhibitor E
shows the best result.

(a) At room temperature with 0.5% inhibitor
without CO2.

(b) At room temperature with 0.1% inhibitor
and CO2

Figure 52: Nyquist plot for C1020 steel in 15% HCl solutions in different experimental
conditions.

Inhibitor
IE [%]

RT (0.5 vol.%)
Inhibitor C 98.98
Inhibitor E 98.90 ± 0.01
Inhibitor I 99.63 ± 0.01

Table 9: Protection rate of inhibitors (0.5 vol.%) measured with EIS at room temperature.
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Inhibitor
Rpn [W cm2]

RT (0.5 vol.%)
Inhibitor C 1169.98
Inhibitor E 2928.13 ± 250.78
Inhibitor I 3477.41 ± 146.77

Table 10: Normalized polarization resistance of inhibitors (0.5 vol.%) measured with EIS
at room temperature.

Inhibitor
IE [%]

RT & CO2 (0.1 vol.%)
Inhibitor C 99.44 ± 0.14
Inhibitor E 99.72 ± 0.07
Inhibitor I 99.05 ± 0.24

Table 11: Protection rate of inhibitors (0.1 vol.%) measured with EIS at room tempera-
ture with CO2 bubbling.

Inhibitor
Rpn [W cm2]

RT & CO2 (0.1 vol.%)
Inhibitor C 2410.00 ± 133.27
Inhibitor E 4758.30 ± 207.51
Inhibitor I 1414.13 ± 92.94

Table 12: Normalized polarization resistance of inhibitors (0.1 vol.%) measured with EIS
at room temperature with CO2 bubbling.

4.4.1 Repeatability- 0.1% inhibitor at room temperature without CO2

The Figure 53 - 58 shows the Nyquist plots of EIS data measured at room temperature
with 0.1% inhibitor concentration. The inhibitors were added with a pipette directly to
the electrolyte without being diluted beforehand. Two independent experiment results
(two semi-circles) are displayed in one plot and compared. By two independent experi-
ments, two different pair of metal coupons and new electrolyte are meant. Despite the
fact that none of the curves are exactly reproducible with any of the used chemicals, it
is remarkable that the curves for each inhibitor take similar shape. Furthermore, apart
from Inhibitor D the radii of curves lie in a comparable range.
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Figure 53: Inhibitor B at room temperature without CO2 with 0.1% concentration.

Figure 54: Inhibitor C at room temperature and 50�C without CO2 with 0.1% concen-
tration.

Figure 55: Inhibitor D at room temperature without CO2 with 0.1% concentration.
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Figure 56: Inhibitor E at room temperature without CO2 with 0.1% concentration.

Figure 57: Inhibitor I at room temperature without CO2 with 0.1% concentration.

Figure 58: Butindiol at room temperature without CO2 with 0.1% concentration.
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4.4.2 Repeatability- 0.1% inhibitor at 50
�
C without CO2.

The Figure 59 - 64 show the EIS data of measurements carried out at 50�C with 0.1%
inhibitor concentration. Experiments were repeated at least twice independently and the
results are plotted in one Nyquist diagram. Similar to the experiments at room temper-
ature butindiol, Inhibitor B and C showed quite good reproducibility with comparible
shape of curves and radii.

Figure 59: Butindiol at 50�C without CO2 with 0.1% concentration.

Figure 60: Inhibitor B at 50�C without CO2 with 0.1% concendtration.
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Figure 61: Inhibitor C at 50�C without CO2 with 0.1% concentration.

Even at room temperature, when other inhibitors proved acceptable repeatability, In-
hibitor D showed otherwise. With no surprise EIS data of Inhibitor D was not reproduced
at elevated temperature. Impedance of Inhibitor E was measured also five times, however

Figure 62: Inhibitor D at 50�C without CO2 with 0.1% concentration.

its reproducibility proves to be better than Inhibitor I as the Z’ range "only" between 97
and 126W.
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Figure 63: Inhibitor E at 50�C without CO2 with 0.1% concentration.

Experiment with Inhibitor I was repeated five times since each curve had different Z’
from the others (see Figure 64). With the software fitted radii of curves range between
198 and 580 W.

Figure 64: Inhibitor I at 50�C without CO2 with 0.1% concentration.
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4.4.3 Repeatability- 0.1% inhibitor at room temperature with CO2.

Impedance was measured twice independently for Inhibitor E and I and the result is
displayed on one plot. As it can be seen in Figure 65 and 66, statements about the
repeatability is difficult to make due to the severe zigzag pattern.

Figure 65: Inhibitor E at room temperature with CO2 with 0.1% concentration.

Figure 66: Inhibitor I at room temperature with CO2 with 0.1% concentration.

Inhibitor C was measured twice as well (see Figure 67). Compared to two other inhibitors
(Inhibitor E and I) the severity of zigzag pattern is visibly toned down.

4.4.4 Repeatability- 0.5% inhibitor at room temperature without CO2.

The Figure 68 shows two independent measurements (two different pairs of coupons and
new electrolyte) with Inhibitor I and each measurement was repeated three times with
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(a) (b)

Figure 67: Two independent measurements of Inhibitor C at room temperature with CO2
with 0.1% concentration.

the same pair of coupons. It can be noticed that both figures visibly differ from each
other: Figure 68a has clearly inductive loops, whereas they are not as clearly noticeable
in the Figure 68b. In case of Inhibitor E the EIS data cannot be reproduced due to the

(a) (b)

Figure 68: Two independent measurements of Inhibitor I at room temperature without
CO2 with 0.5% concentration.

rough semi-circle as it is shown in the Figure 69.
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Figure 69: Inhibitor E at room temperature without CO2 with 0.5 % concentration.
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4.5 Surface

Beside the impedance curves, it was also of interest to have a closer look on the surface
beneath the acrylic resin (see Figure 70). By comparing this surface with the surface
which is exposed directly to the 15% HCl, a conclusion can be drawn, whether the acrylic
resin was liquid-tight, so that no crevice corrosion took place and the sample was not
attacked by the acid solution. This is crucial as the normalized polarization resistance
is direct by proportional to the exposed surface area. The metal coupons after the
polarization experiments were taken and treated as it is described in the experimental
part 3.3. The Figure 71 is a picture of the sample embedded in black resin, whereas
the metal sample is shown as white and the resin grey. The darker grey area within
the concave boundary is the acrylic resin which was applied on the coupons during the
preparation of samples.

Figure 70: Metal coupon and acrylic resin embedded in the black resin.

The Figure 72 shows the metal surface which was directly touching the acid solution. The
only difference in these two Figures is the brightness, which was set when the pictures
were taken.
The surface underneath the acrylic resin is depicted in the Figure 73a and 73b. Also here
the only difference between these two pictures is the brightness.
As expected the metal surface in Figure 72 is bumpier than in Figure 73 due to the
corrosion in the acid media. The metal protected by the acrylic resin shows smoother
surface, from which it can be confirmed that the HCl solution does not creep in through
the acrylic resin and affect the results of electric impedance spectroscopy. In other words,
no crevice corrosion took place.
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Figure 71: Metal coupon under the microscope after finishing experiments. The coupon
is shown as white, lighter grey part is the resin for embedding and the darker
grey area is the acrylic resin.

(a) (b)

Figure 72: Part of the metal coupon, which was dipped in the hydrochloric acid. The left
picture was better lit than the right one.

(a) (b)

Figure 73: Part of a metal coupon, which did not have any contact with the hydrochloric
acid. The left picture was better lit than the right one.

4.6 Experimental parameters

Apart from measuring impedance of inhibitors at different conditions, improving the
reproducibility was a part of this work. This was realized by changing a few experimental
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parameters.

4.6.1 Adding inhibitors

One of the first parameters changed was the way of adding the inhibitors. Originally the
inhibitors were diluted in 15% HCl solution 1 : 10. However, the challenge was to achieve
a homogeneous mixture of inhibitors and HCl solution. Figure 74 shows Inhibitor E in
HCl solution a day after the mixing and tiny droplets on the wall were observed due to
the lack of solubility. Inhibitor D showed also low solubility in HCl solution (see Figure
75). By the time when this picture was taken, this solution had not been stirred for two
days since the day of dilution.

Figure 74: Inhibitor E mixed into hydrochloric acid.

According to the data sheet of the inhibitors mentioned above, they consist of higher
alcohols. In order to achieve more homogeneous solution without any phase separation,
which was observed with 15% HCl, methanol was taken as a diluent. As it can be seen
in the Figure 76, despite changing the diluent to methanol, small droplets on the wall of
the container were still visible.
Finally, it was considered to be the best option to add the inhibitor directly using a
pipette. However, great care must be taken, that the tip does not touch the electrolyte,
as the viscosity of inihibitors is high and tend to remain on the outer side of tips. This
would lead to unintended extra amount of inhibitors.
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Figure 75: Inhibitor D mixed into hydrochloric acid.

Figure 76: Inhibitor D mixed into methanol.

4.6.2 OCP measurement

The duration of open circuit measurement was changed from 45 minutes to 60 minutes in
order to give the system more time to reach the quasi steady state. Beside the extension
of the length of OCP measurement, the solution was stirred with a magnet stirrer during
the OCP measurement. The two subfigures 77a and 77b show the measurements, which
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are executed one after the other. During the first measurement (Figure 77a) the system
was not stirred, whereas in the second measurement the system was stirred first and
stopped (Figure 77b). The increase of potential around 400 seconds in the Figure 77a is
caused by the addition of the inhibitor and the potential gradually decreases until more
inhibitor is added at 2500 seconds. As it can be seen the second addition of inhibitor
leads to abrupt increase of potential and it sinks within 10 seconds to the level, which is
lower than before the second addition. It is shown that stirring the system leads to higher
potential and turning off the stirring leads to the plateau of the potential, which indicates
a quasi equilibrium state. From this it can be concluded that stirring of approximately
400 seconds has dramatic influence to reaching the quasi equilibrium state. This effect
can be lead back to the fact that the stirring promotes the inhibitor to be spread well
in the system. Without the stirring the distribution of inhibitor molecules is dependent
solely on the diffusion based on the concentration difference (Fick’s law).

(a) Not stirred and inhibitor added
twice.

(b) Stirred and stopped stirring.

Figure 77: Record of open circuit potential in atmospheric condition (without CO2).

Furthermore, the time point of inhibitor addition was tuned: it was introduced 20 minutes
after the initiation of OCP measurement, instead of 5 minutes. By elongating this term,
the coupons have more time to reach the quasi steady state without the inhibitor.

4.6.3 Cable setting

The length of the cable connecting the coupons to the potentiostat was shortened, by
replacing the metal o-ring attached to another wire by crocodile clip. The importance
of cables used for the measurements were expressed and studied by Ali(2013) [53]. His
work has shown that phase angle measurement with a "bad" cable consists of spikes and
when "better" cables were used much smoother curve was achieved [53]. Furthermore, it
is known, that cable length and signal amplitude have effects on the region of accuracy of
impedances and frequencies [54]. The study of Gamry instruments confirms the associa-
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tion between the cable length and decrease of maximum applied frequency and maximum
impedance limit. This phenomenon was explained by the increased resistance of the cable
[54]. In order to avoid any possible cable effects the cable setting was changed (see the
Figure 78).

(a) (b)

Figure 78: Cables connecting the samples to the potentiostat, (a) before and (b) after the
change.
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5 Conclusions

The aim of the thesis was to study efficiency of corrosion inhibitors. The first step was
to select inhibitors to do experiments with. The inhibitors were chosen based on the
autoclave weight loss measurements and their toxicity. Then, C1020 steel with known
surface area was immersed in 15% and 27% HCl at different temperature, and also in-
hibitor concentrations were varied. It was found that corrosion rate was decreased when
higher dose of inhibitor concentration was added in all conditions and the corrosion rate
increased with higher temperature and acid concentration. Inhibitor C, E and I had the
highest inhibition efficiency, ranging from 95.59% to 99.98%. Inhibitor E showed the least
change of IE regardless of the HCl concentration. Inhibitor D had higher IE than the
reference substance butindiol at room temperature, however when the temperature was
increased to 77�C its IE sank even below butindiol. As the inhibitor efficiency of each
three inhibitors (Inhibitor C, E and I) is within the similar range, their corrosion rate was
also compared. At room temperature in 15% HCl Inhibitor C and I showed the lowest
corrosion rate when they were added 0.1% and 0.5% respectively. In acid concentra-
tion of 28 % at room temperature Inhibitor E (0.1%) and Inhibitor C (0.5% and 2%) had
the lowest corrosion rate. Inhibitor C had the lowest corrosion rate at 77�C in 15 and 28%.

Polarization measurements were carried out in 15% HCl at room temperature (with
and without carbon dioxide) and 50�C. In this measurement it was found that all corro-
sion inhibitors are mixed type, decreasing anodic and cathodic current density and with
higher inhibitor concentration both current densities sank even more. At room temper-
ature Inhibitor I had significant shift of Ecorr to a more positive potential compare to
other inhibitors and the shift was bigger when the concentration was increased. When
CO2 was added Inhibitor C and E had lower anodic and cathodic density current than
without CO2. However, in case of Inhibitor I the cathodic curve was slightly higher when
CO2 was added and the anodic curve was not significantly effected by the presence of CO2.

Before executing electrochemical impedance spectroscopy (EIS), open circuit potential
(OCP) was measured to determine for the quasi-steady state of the systems. Inhibitor
efficiencies calculated from EIS data were all above 94% and it was considered as inad-
equate method to compare IE of inhibitors calculated from EIS measurements to claim
which of these can inhibit corrosion the best. Thus, their normalized polarization re-
sistance Rpn was compared instead. At room temperature and 50�C Inhibitor I (0.1%)
proved to be the best inhibitor, with Rpn higher than the double of Inhibitor C and E.
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When the inhibitor was added with 0.5% concentration at room temperature Inhibitor I
had the highest Rpn as well. However, in carbon dioxide environment Inhibitor E showed
the best corrosion inhibition, whereas Inhibitor I the worst.

Beside determining which inhibitor has better performance in inhibiting corrosion, devel-
oping a method to improve the repeatability of EIS measurements was one of the aims.
The immersion depth of coupons in the electrolyte was adjusted so that a coupon was
dipped in the electrolyte for only 1cm. Before starting a blank measurement, a pair of
coupon was immersed in the electrolyte 5 minute long, however the duration was ex-
tended to 20 minutes. The duration of OCP measurement was extended from 45 minutes
without stirring to 60 minutes with stirring. The cable setting was changed so that the
coupons were connected to the potentiostat with only one cable and a crocodile clamp.
Furthermore, it was studied how the way of adding inhibitor affects the repeatability
of EIS measurements. Inhibitors were diluted either in 15% HCl or methanol or added
directly with a pipette. However, no homogeneous solution could be reached when in-
hibitors were mixed with HCl or methanol, thus inhibitors were added directly. EIS
mesurements showed it depends on inhibitor and the experimental conditions how well
EIS data can be reproduced. At room temperature EIS data of butindiol and all in-
hibitors except Inhibitor D could be reproduced well, however when the temperature was
elevated to 50�C, EIS data of Inhibitor D and I could not be reproduced. When CO2
was added in the electrolyte at room temperature, the repeatability of Inhibitor C was
better compared to Inhibitor E and I due to the zigzag patterns. At room temperature
when the inhibitor was added with 0.5% without CO2 the zigzag pattern was so severe,
that no significant reproducibility could be observed.
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