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Abstract

Copper and copper alloys have been used widely in different applications, such as elec-

tric power transmissions and heat exchanges. However, they are susceptible to corro-

sion in different environments leading to damages and catastrophic failures. Different

corrosion-inhibition strategies are used to retard corrosion of copper and copper alloys.

Among them, corrosion inhibitors are successfully used to inhibit their corrosion.

This thesis focuses on the corrosion inhibition of brasses (the copper- zinc binary al-

loys) using two kinds of organic inhibitors, namely 2-mercapto-1-methyl-benzimidazole

(1H-HB-2T) and 2-mercapto-benzimidazole (MBI). Corrosion inhibition of the substrates

using the inhibitors were screened using linear polarization resistance (LPR) measure-

ments. Subsequently, electrochemical impedance spectroscopy (EIS) was used to study

the detailed corrosion inhibition processes and mechanisms. Finally, two modes (RAS

and ATR) of Fourier transform infrared spectroscopy (FTIR) were adopted for in-situ

and ex-situ tests to study the adsorption mechanisms of inhibitor molecules on the sur-

faces.

The research results showed that: (1) the composition (phase type) of the brass con-

trols the interaction of inhibitor on surfaces; (2) an increased Zn content of brass leads

to a decreased corrosion resistance; (3) 2-mercapto-1-methyl-benzimidazole (1H-HB-2T)

exhibits better corrosion efficiency than 2-mercapto-benzimidazole (MBI) indicating the

importance of the methyl functional group to increase the inhibitor’s efficiency; (4) 1H-

HB-2T exhibits a spontaneous structure transformation from thiol to thione and (5) within

a maximum 5-hour exposure, the adsorption of the inhibitors to the metal surface is com-

plete.
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1 Introduction

1.1 Corrosion of copper and brasses

Copper is a soft, malleable and ductile metal with very high thermal and electrical con-
ductivity. Owing to its ready availability in nature, it has a long usage history since the
prehistoric age civilization. In moderate society, it still plays roles in both industrial ap-
plication and daily life. One evidence is that copper wire is everywhere. Moreover, the
alloying of copper provides it better physical and chemical properties and make it workable
in wider fields. One of the most successful copper alloys is copper-zinc alloys, also called
brasses. Brasses show enhanced properties such as better strength and machinability, higher
thermal and electrical conduction, better corrosion and wear resistance. By varying Cu-Zn
proportion, specific brasses can be designed to meet different working requirements.

As for Cu and brasses, one of the problems which could threaten their usage safety is cor-
rosion. Normally, copper and copper alloys belong to the group of metal material which
have sufficient corrosion-resistance. However, under specific conditions, for instance, brass
valves in fast-flowing water or when exposed to some pollutants in water will corrode seri-
ously. Such a corrosion phenomenon may cause catastrophic damage and therefore, cannot
be ignored.

1.2 Corrosion mechanisms of copper and brasses

According to the American Society for Testing and Materials’ corrosion glossary, the defini-
tion of corrosion could be referred to as "the chemical or electrochemical reaction between a
material, usually a metal, and its environment that produces a deterioration of the material
and its properties" [1] which includes, for example, the deliberate anodic dissolution of zinc
in cathodic protection and electroplating as well as the spontaneous gradual wastage of zinc
roofing sheet resulting from atmospheric exposure [2]. In this thesis, the term corrosion is
restricted to chemical attack of metals and we only concentrate on the corrosion of copper
and brasses.

1.2.0.1 Corrosion mechanisms of Pure Copper

The chemical performance of copper depends on its position as the penultimate element in
the first transition series. Following the preceding sequence, the configuration of the outer
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electrons in the free copper atom might be expected to be (3d)9(4s)2, but due to the stability
of the completed d shell, the actual configuration is (3d)10(4s)1. Hence, copper commonly
exists in two oxidation states Cu(I) and Cu(II). [3]

There is an equilibrium between oxidation states Cu(I) and Cu(II),

2 CuI = Cu + CuII

In aqueous solution, Cu+(aq) ion can exist only in a very low concentration. [3]

2 Cu+ (aq) = Cu2+ (aq) + Cu(s)

The corresponding reaction for solid oxides is not spontaneous, Cu2O(s) is stabilized by
the environment of oxygen ions and the relative stability of the oxides is determined by
prevailing temperatures and oxygen potential. [3]

Cu2O(s) = CuO(s) + Cu(s)

In solution, since copper is a noble metal that cannot react with pure water directly, copper
cannot corrode with the revolution of hydrogen in quiescent water. And it also is stable in
dilute non-oxidizing and non-complexing acids in absence of oxygen. Only highly oxidiz-
ing solutions such as concentrated nitric acid could corrode copper. Detailed relationship
between the potential, PH and corrosion products of copper in water solution is concluded
in its Pourbaix diagram shown in Figure 1. [3]

Figure 1: Pourbaix diagram for copper water system at 25 degrees Celsius. Domain for stability of water
shown by dotted lines. [3]
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As for atmospheric corrosion of copper, on exposure to clean dry air at ambient temperatures
initially, copper could form a protective thin film according to the Cabrera–Mott theory. In
the ordinary air condition and a room temperate, it tarnishes and the tarnish is thicker and
more unsightly. If the air is polluted by sulfur dioxide, probably because sulfur ions incor-
porated in the film raise the concentration of cation vacancies, hence, the activation energy
for the formation of the oxide is reduced and the critical thickness at which continuing oxi-
dation is not detectable increases. [3, 4]

1.2.0.2 Corrosion mechanisms of brasses

Copper-zinc alloys, i.e. brasses, are known and utilized since early human society. They are
mechanically stronger compared with pure copper, easier to be produced and machine. The
copper-zinc binary phase diagram is shown below in Figure 2 [5]. A summary of the data
extracted from Figure 3 is shown in Table.1 [6].

Figure 2: Cu-Zn equilibrium phase diagram. [5]

The alloying of the zinc element essentially changes copper’s corrosion-resistant ability. In
general, the increase of zinc content reduces alloys’ corrosion resistance. As for different cor-
rosion types, brasses are especially susceptible to pitting, dealloying, and Stress Corrosion
Cracking which are introduced below.

Pitting corrosion can be also initiated by the same mechanisms as for pure copper. And sus-
ceptibility of brass to pitting corrosion is insensitive for its zinc content and microstructure.
An pitting corrosion morphology is shown below.
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Table 1: Brass types. [6]

Class Proportion by weight(%) NoteCopper Zinc

Alpha brasses >65 <35

Alpha brasses are malleable, can be
worked cold, and are used in press-
ing, forging, or similar applications.
They contain only one phase, with face-
centered cubic crystal structure. With
their high proportion of copper, these
brasses have a more golden hue than
others.

Alpha-beta brasses 55–65 35–45

Also called duplex brasses, these are
suited for hot working. They contain
both α and β′ phases; the β′-phase is
body-centered cubic and is harder and
stronger than α. Alpha-beta brasses are
usually worked hot. The higher pro-
portion of zinc means these brasses are
brighter than alpha brasses.

Beta brasses 50–55 45–50

Beta brasses can only be worked hot,
and are harder, stronger, and suitable
for casting. The high zinc-low copper
content means these are some of the
brightest and least-golden of the com-
mon brasses.

Gamma brasses 33–39 61–67 There are also Ag-Zn and Au-Zn gamma
brasses, Ag 30–50%, Au 41%.

White brasses <50 >50

These are too brittle for general use. The
term may also refer to certain types of
nickel silver alloys as well as Cu-Zn-Sn
alloys with high proportions (typically
40%+) of tin and/or zinc, as well as pre-
dominantly zinc casting alloys with cop-
per additives. These have virtually no
yellow coloring at all, and instead have
a much more silvery appearance.

Figure 3: Typical impingement attack on Admiralty brass condenser tube. [2]

Dealloying, i.e. selective leaching, is a corrosion process in which the more electrochemically
active metal is selectively removed from an alloy, leaving behind a porous weak deposit of
the more noble metal. Specific categories of dealloying often carry the name of the dissolved
element. So the preferential leaching of zinc from brass is called dezincification. Dezincifi-
cation of the brass is caused by an insufficient content of arsenic as an alloying component
which can prevent dezincification. In metallurgy, additions of arsenic or tin are necessary
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to prevent this selective corrosion and dealloying occurs if the arsenic content is low. An
example of an intensive dezincification process is shown in Figure 4. [7]

Figure 4: Metallographic cross-section through the wall of a pipe after 12 months of service in seawater.
Dezincification of M70 alloy (Cu 69–71 %, rest Zn) reaches half of the wall thickness. [7]

Stress corrosion cracking or hydrogen induced cracking fracture is the growth of crack for-
mation in a corrosive environment. It requires a specific corrosive environment and a simul-
taneous stress for it to occur. Several environments can cause SCC of copper and its alloys,
of which the best known is ammonia (NH3) and its derivatives. The crack path in SCC is
normally intergranular but transgranular could also occur in severely deformed metal [3].
Figure 5 [8] shows an example of a SCC image of brass in sulfate solution which contains
ammonia ions.

Figure 5: Photomicrograph of cracks in annealed 70 Cu 30 Zn brass, in sulphate solution which contains
ammonia ions. [8]
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1.3 Corrosion inhibitors

By now, some corrosion protection methods have been developed, e.g., coating, cathodic
protection, anodic protection. Corrosion inhibitor is one of the effective protection methods.

The corrosion inhibitor defined by the National Association of Corrosion Engineers (NACE)
is "a substance which retards corrosion when added to an environment in small concentra-
tions." [9] According to the American Society for Testing and Materials’ corrosion glossary,
a corrosion inhibitor is defined as a chemical substance or combination of substances that,
when present in the proper concentration and forms in the environment, prevents or re-
duces corrosion [1]. Besides, similar definitions such as "a chemical substance that decreases
the corrosion rate when present in the corrosion system at suitable concentration, without
significantly changing the concentration of any other corrosion agent" as defined by Inter-
national Organization for Standardization (ISO) also exist.

Corrosion inhibition is reversible, and a minimum concentration of the inhibiting compound
must be present to maintain the inhibiting surface film. Good circulation and the absence of
any stagnant areas are necessary to maintain inhibitor concentration [1].

Inhibitors work in one or more ways to control corrosion, for example, by adsorption of a
thin film onto the surface of a corroding material, by inducing the formation of a thick cor-
rosion product or by changing the characteristics of the environment, leading to reduced
aggressiveness. For instance, some inhibitors remove oxygen in the aqueous media to re-
duce the cathodic reaction. Although many chemicals can work as inhibitors, some of them
are too expensive and not economically available. Chemicals that are toxic or not environ-
mentally friendly are also of limited use. Moreover, inhibitors for one metal may or may not
work for another or even may cause corrosion. Besides, the effectiveness of inhibitors also
depends on the working environment such as the pH, temperature and water chemistry of
the system. An example is that usually efficient inhibitors in acid solutions have little or no
effect in near-neutral aqueous solutions.

As for an electrochemical corrosion process, the anodic process involves the electron-loss
process of the metal material and the release of metal ions into the solution on the anode
surface. On the other hand, the cathodic process consists of the absorption of an electron
acceptor such as oxygen, hydrogen ions or oxides and the transfer of electrons from the
electrode to an electron acceptor on the cathode surface. Besides, to construct an intact elec-
tric circuit, an ionic conductivity in the solution and an electronic conductivity in the metal
are necessary. Corrosion inhibitors’ functions are to minimize corrosion rates by stifling,
retarding or completely stopping any or some steps of the corrosion process, that is [10]:
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1. Decreasing the anodic or/and cathodic reaction. (The influence on the reaction process
will subsequently affect the electrochemical behavior, Figure 6 illustrates the electro-
chemical result of inhibitors [11].)

Anodic inhibitors reduce the actual rates of the metal dissolution that is the anodic re-
action. Anodic or passivating inhibitors slow down corrosion by either stabilizing or
repassivating the damaged passive film by forming insoluble compounds or by pre-
venting adsorption of aggressive anions via competitive adsorption. They are used in
the neutral pH range to treat cooling water systems, cooling system metals, and steel-
concrete composites [1]. Chromate (CrO2−

4 ) and nitrites (NO−2 ) are the best oxidizers
that can passivate steel in deaerated solutions; however, both inhibitors have limited
uses due to toxicity [12].

Cathodic inhibitors are compounds that reduce the rates of the cathodic reactions, that
is, the hydrogen evolution or oxygen reduction reactions. They may form precipi-
tates in the cathodic locations to limit access to the cathodic reaction species, and they
are also called precipitation inhibitors. For example, zinc salts are cathodic inhibitors
that form precipitates of zinc hydroxide at the cathode [13], magnesium salts could
work similarly [14]. Phosphate, as one of the most widely used corrosion inhibitors of
steel, precipitates as ferrous and ferric phosphates on the metal surface [15]. However,
in general, cathodic inhibitors are not very effective compared with anodic inhibitors
(passivators).

Mixed inhibitors are compounds that can retard the anodic and cathodic corrosion pro-
cesses simultaneously by general adsorption covering the entire surface, sometimes
with a polymer.

Figure 6: Theoretical potentiostatic polarization diagram: electrochemical behavior a metal on a solution con-
taining a anodic (top left) or cathodic (top left) or both side (bottom) inhibitor (a) compared to the same solution
without the inhibitor (b). [10]
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2. Decreasing the diffusion rate of aggressive ions to the surface of the metal.

Some aggressive ions, such as Cl−, could accelerate the corrosion process, while in-
hibitors could retard their ionic diffusion rate to the metallic surface. For example,
passivators increase stability of passive films, hence, they contribute in isolating the
surface against aggressive ions.

3. Increasing electrical resistance of the metal surface by forming a film (coating) on it.

The electrochemical corrosion involves a charge transfer process. Increasing the elec-
trical resistance inhibits the charge transfer process.

Among these functions above, decreasing the reaction rate of the anodic reaction (with an
anodic inhibitor) or the cathodic reaction (with a cathodic inhibitor) or both of them (with a
mixed inhibitor) is the most important and effective one for most inhibitors.

Specific to organic compounds used as inhibitors, occasionally, they mainly act as cathodic
inhibitors or anodic inhibitors or together, nevertheless, as a general rule, act through a
process of surface adsorption, designated as a film-forming as shown in Figure 7 [11]. These
inhibitors form a protective hydrophobic film by adsorbing molecules on the metal surface,
which isolates the metal surface from the electrolyte. Due to their function mechanism, they
must be soluble or dispersible in the medium surrounding the metal surface [16].

Figure 7: Illustration of the mechanism of actuation of the organic inhibitor: acting through adsorption of the
inhibitor on the metal surface. Where the Inh represents the inhibitor molecules. [16]

According to some studies, the adsorption film barrier on the metal surface can be divided
into two main types of interaction as follows [17]:

a Physisorption involves electrostatic forces between ionic charges or dipoles on the ad-
sorbed species and the electric charge at metal/solution interface. In this case, the heat
of adsorption is low and therefore this type of adsorption is stable only at relatively low
temperatures.
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b Chemisorption involves charge sharing or charge transfer from the inhibitor molecules to
the metal surface to form a coordinate type bond. Electron transfer is typically for tran-
sition metals having vacant low-energy electron orbital. Chemisorption is characterized
by much stronger adsorption energy than physical adsorption. Such a bond is, therefore,
more stable at higher temperatures.

The chemisorption is characterized by a charge sharing or charge transfer process in the ad-
sorption process. Many literatures indicate polar functional groups with S, O or N atoms in
the molecule, heterocyclic compounds with π bonds, play important roles in chemisorption.
S, O or N atoms are typical donor atoms that contribute to the adsorption and their inhibi-
tion efficiencies should follow the sequence O<N<S<P. For example, the nitrogen atom has
the lonely sp2 electron pair which is a potential electron provider [18]. Besides, some stud-
ies prove molecules that contain both nitrogen and sulfur in their structure are of particular
importance since these provide an excellent inhibition in comparison with the compounds
that contain only sulfur or nitrogen atoms [19]. For copper and copper alloys, due to the
vacant d-orbitals of copper ions, coordinative bonds are easier to be formed by accepting
electrons from inhibitor atoms. Therefore, donor atoms benefit the chemisorption of organic
inhibitors. The most effective and efficient organic inhibitors are compounds that have π-
orbitals. Unfortunately, they always present biological toxicity and environmental harmful
characteristics [20, 21]. Donor atoms and π-orbitals are two main factors that can increase
the chemisorption forming probability and strengthen the inhibition effect. The physico-
chemical properties which can affect the adsorption i.e. efficiency of the inhibitor molecule
are listed below [18, 19, 22]:

Factors

1. chemical structure, such as the size of the organic molecule;

2. aromaticity and/or conjugated bonding, as the carbon chain length;

3. type and number of bonding atoms or groups in the molecule (either π or σ);

4. nature and the charges of the metal surface of adsorption mode like bonding strength
to metal substrate;

5. ability for a layer to become compact or cross-linked;
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6. capability to form a complex with the atom as a solid within the metal lattice;

7. type of the electrolyte solution like adequate solubility in the environment;

The study of adsorption processes of inhibitors on metallic surfaces is an important part of
this master thesis.

1.4 Aims of the thesis

The objective of this thesis is to study the corrosion inhibition of copper alloys by organic
compounds. For this objective, two groups of techniques were used. The first one is elec-
trochemical techniques, it consists of Linear Polarization Resistance (LPR) measurements
and Electrochemical Impedance Spectroscopy (EIS) analysis. Firstly, the corrosion resis-
tance of Cu, Zn and 8 kinds of brass specimens under the protection of inhibitor, that is, 2-
Mercaptobenzimidazole (MBI, the same below) or 1-Methyl-1H-benzimidazole-2-thiol (1H-
HB-2T, the same below) were tested by Linear Polarization Resistance (LPR) measurements.
Then, Cu, Zn and 50% Zn brass underwent Electrochemical Impedance Spectroscopy (EIS)
analysis to understand the inhibition mechanisms. The second technique is the Fourier
Transform Infrared spectroscopy (FTIR). Ex-situ and in-situ FTIR measurements were uti-
lized to investigate adsorption processes and mechanisms of inhibitor molecules and metal-
lic surfaces. It is noticeable that the key aim of this thesis is to understand the corrosion
inhibition process and mechanisms of copper alloys by MBI and 1H-HB-2T rather than find-
ing the most efficient inhibitor or the best corrosion-resistant alloy.
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2 Experiments

This section introduces techniques and processes of experiments.

2.1 Experiment materials

There are 10 kinds of specimens available including pure copper, pure zinc and 8 kinds of
brasses in this thesis. Brass alloys were supplied by the Technical University of Catalonia.
Copper and brasses whose zinc content are below 50% are in the form of 4 mm thick sheet.
For pure Zn samples, the plate thickness is 1 mm. For high zinc-bearing brasses samples,
they are made by casting and are bullet-shaped. The information is shown in Table.2.

Table 2: Copper, zinc and brass samples.

Pure Cu 10% Zn 30% Zn 40% Zn 50% Zn 60% Zn 70% Zn 80% Zn 90% Zn Pure Zn
4 mm thick plate bullet-shaped 1 mm thick plate

For high zinc brass samples, on account of their non-cubic shape and high hardness, they
were manually sawed into cylindric slabs of about 2 mm thickness and were soldered with
rubber-cover copper wires on the back. Then they were embedded in epoxy resin. For plate
samples, they can be easily cut by a disk cutting machine and if necessary they can be also
soldered and embedded.

Two kinds of benzimidazole derivative compounds, 2-Mercaptobenzimidazole (MBI) and
1-Methyl-1H-benzimidazole-2-thiol (1H-HB-2T), were chosen. Their inhibition function has
been reported by some literature [23, 24]. The basic physicochemical information of 2-
Mercaptobenzimidazole is providen in Figure 8 and Table.3. Besides the structure shown
below, S-BimH2 has another different tautomeric form with the hydrogen atom moving from
the sulfur atom to the nitrogen atom. Owing to its benzene ring structure and donor atoms
(nitrogen atom and sulfur atom), it should have a good adsorption ability.

Figure 8: 2-Mercaptobenzimidazole (MBI) structure.
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Table 3: MBI physicochemical information.

Empirical Formula (Hill Notation) Molecular Weight (g·mol−1) CAS Number Solubility (g·L−1)
C7H6N2S 150,20 583-39-1 0.3

The basic physicochemical information of 1-Methyl-1H-benzimidazole-2-thiol (1H-HB-2T)
is providen in Figure 9 and Table.4. It has a similar structure with S-BimH2 except the hy-
drogen atom on the nitrogen atom is substituted by a methyl functional group.

Figure 9: 1-Methyl-1H-benzimidazole-2-thiol (1H-HB-2T) structure.

Table 4: 1H-HB-2T physicochemical information.

Empirical Formula (Hill Notation) Molecular Weight CAS Number
C8H8N2S 164.23 2360-22-7

It is noticeable that thione structure normally has a lower energy than thiol structure, so
both MBI and 1H-HB-2T have the tendency to spontaneously transform from thiol to thione.
Figure 10 provides two examples of thiol-thione transformation [23]. Similar transformation
of 1H-HB-2T possibly happen as Figure 11 shows.

Figure 10: Examples of transformation from thiol to thione. [23]
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Figure 11: Possible transformation of 1H-HB-2T from thiol to thione.

Three kinds of solutions were prepared in electrochemical measurements, their constitutes
were providen in Table.5. Solutions need to be mechanically stirred using a magnetic stirrer
until complete dissolution is achieved. It should be noted that 1H-HB-2T is indissolvable
only by stirring. An additional ultrasonic treatment with heating to 40 ◦C for 2 hours was
applied to dissolve it.

Table 5: Electrolyte constitutes for electrochemical measurements.

Reference group inhibitor group 1 inhibitor group 2
distilled water, NaCl
3%wt

distilled water, 3%wt
NaCl and 1mM 2-
Mercaptobenzimidazole
(MBI)

distilled water,
3%wt NaCl and
1mM 1-Methyl-1H-
benzimidazole-2-thiol
(1H-HB-2T)

Two kinds of solutions for FTIR were made. 1 mM MBI and 1H-HB-2T solutions were pre-
pared and the solvent is 99,8% pure Tetrahydrofuran (THF) rather than water.

2.2 Electrochemical measurements

Electrochemical measurements consist of Linear Polarization Resistance (LPR) and Electro-
chemical Impedance Spectroscopy (EIS).

2.2.1 Linear Polarization Resistance (LPR)

Linear Polarization Resistance (LPR) is one of the electrochemical polarization techniques.
John Alfred Valentine Butler and Max Volmer established Butler-Volmer Model based on
electrode kinetics and described the polarization by the current-overpotential equation:

j = j0[
CO(0, t)

C∗O
e−αa

nF
RT

η − CR(0, t)

C∗R
eαc

nF
RT

η] (1)
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If the solution is well stirred, or currents are kept so low that the surface concentrations
do not differ appreciably from the bulk values, i.e. without Mass-Transfer limitation, the
current-overpotential equation is further simplified to the Butler-Volmer equation [25]:

i = i0[e−αa
nF
RT

η − eαc
nF
RT

η] (2)

i electrode current density, A/m2 (defined as j = I/S)

i0 exchange current density, A/m2

T absolute temperature, K

z number of electrons involved in the electrode reaction

F Faraday constant

R universal gas constant

CO(0, t) the time-dependent concentration of the species to be oxidized at the distance zero
from the surface

CR(0, t) the time-dependent concentration of the species to be reduced at the distance zero
from the surface

C∗O the bulk concentration of the species to be oxidized, mol/cm3

C∗R the bulk concentration of the species to be reduced, mol/cm3

α so-called anodic charge transfer coefficient, dimensionless

β so-called cathodic charge transfer coefficient, dimensionless

η activation overpotential (defined as η = E − Eeq)

Sometimes nF
RT

is replaced by the sign of f.

By a series of mathematical simplifications, the current-overpotential equation when the
potential is far from the corrosion potential, Ecorr and both anodic and cathodic reactions
are controlled by charge transfer can be expressed by anodic Tafel slope βa and cathodic
Tafel slope βc. Then Stern-Geary equation [26], i.e. Equation.3, can be obtained [27]. Rp is
the polarization resistance. Based on the inverse proportional relationship between i0 and
Rp, Linear Polarization Resistance measurement provides the polarization resistance which
can be used to estimate the self corrosion current and the corrosion rate..

Rp ≈
1

i0

βaβc
2.3(βa + βc)

=
∆E

∆i∆E→0

(3)
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A typical LPR measurement result is shown below [28]. By using built-in fitting tools of
EC-Lab such as Rp fit or Linear fit, corresponding linear polarization resistance can be cal-
culated.

Figure 12: Schematic of the LPR fitting. [28]

For the inhibitor investigation, an index calculated from LPR could be used to show in-
hibitors’ protection effects. It is the inhibition efficiency η (%) of a corrosion inhibitor on the
tested specimen surface in a certain aggressive environment. The Equation.4 provides the
inhibition efficiency.

η =
iO − i′O
iO

× 100% =
R′p −Rp

R′p
× 100% (4)

iO the corrosion current density without the inhibitor addition

i′O the inhibited corrosion current density

Rp the polarization resistance without the inhibitor addition

R′p the inhibited polarization resistance

All the 10 kinds of specimens for electrochemical tests were ground mechanically with dif-
ferent grades of silicon carbide paper (from 320 to 4000) followed by wet polishing, that
is, using MD Mol cloth in combination with 3 um slurry, then MD Nap cloth with 1 um
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slurry. Samples were then cleaned with ethanol in an ultrasonic bath for 10 min, rinsed with
ethanol and distilled water and finally dried with nitrogen gas. After polishing and clean-
ing, a piece of copper tape was glued on the back of the plate sample to guarantee the next
electrical connection between the electrochemical workstation and the sample (this step is
only for non-embedded plate samples, it can be omitted for embedded samples). Then the
sample is wrapped with solution-resistant epoxy-tape leaving unprotected a defined circu-
lar area (which is normally chosen 0.8 cm diameter, i.e. 0.50264 cm2) and an example is
shown in Figure 13. One problem is that sometimes the crevice corrosion was serious and
water could permeate the covered area from the tape edge especially when it comes to active
specimens such as zinc. The only solution is to clean the metal surface thoroughly and paste
the tape tightly.

Figure 13: Sample configurations used for LPR measurements.

The electrochemical workstation is VSP-300 of Bio-Logic Science Instruments and a three-
electrode system was used for LPR measurements. The working electrode was the tested
sample. Saturated Calomel Electrode (SCE) and a graphite electrode were used as the refer-
ence electrode and the counter electrode respectively. Corresponding placements and con-
nections are shown below.
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Figure 14: The three-electrode cell system.

According to the use principle of LPR and previous experience, the potential was applied
at a small range of ±5 mV against Ecorr with the scanning rate 0.1 mv/s. The parameters of
LPR experiment was set up as Figure 15 shows. And the LPR measurement time for each
specimen is providen in Table.6.
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Figure 15: LPR software setup.

Table 6: LPR measurement time after the start of each experiment.

Measurement time (hours) 2 5 10 20 30 40 50 60 70 80 90 100

After adding 100 ml inhibitor or reference solution in the cell and starting the electrochemi-
cal workstation, the LPR measurement starts.

2.2.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is widely used for the characterization of
electrode processes and complex interfaces. Electrochemical impedance normally applies
a small amplitude AC potential signal to an electrochemical cell and studies the feedback
AC signal of the system. Most commonly, EIS can be measured using a "single-sine" method
where individual frequencies are measured sequentially or a multisine implementation which
measures all frequencies at one time but needs Fourier transform later [29]. Analysis of the
system response contains information about the interface. Based on the EIS data, the math-
ematical model and equivalent circuit model can be established. Then its structure and
reactions taking place on the surface can be obtained.
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Electrochemical impedance is normally measured using a small excitation signal to make
the cell’s response pseudo-linear. In a linear or pseudo-linear system, the current response
to a sinusoidal potential will be a sinusoid at the same frequency but shifted in phase (see
Figure 16 [30]). And corresponding mathematical expressions are listed below:

Figure 16: Sinusoidal current response in a Linear System. [30]

ω = 2πf (5)

Vt = V0sin(ωt) (6)

It = I0sin(ωt+ φ) (7)

With Eulers relationship,
exp(jφ) = cos(φ) + jsin(φ) (8)

If the Vt and It are both described by natural exponent, the below equation form can be
obtained,

Zω =
V

I
= Z0exp(jφ) = Z0(cos(φ) + jsin(φ)) (9)
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Vt the input voltage, V

V0 the voltage amplitude, V

It the output measured current

I0 the current amplitude, A

ω angular frequency, rad/s

φ phase Angle, rad

Zω the impedance represented as a complex number

From the Equation.9, the expression for Zω is composed of a real and an imaginary part.
If the real part is plotted on the X-axis and the imaginary part is plotted on the Y-axis of a
chart, a Nyquist plot is obtained. An alternative representation is a Bode plot in which log
|Z| and φ are both plotted against log frequency. The circuit structure [30], Nyquist plot
and Bode plots of a parallel RC equivalent electronic circuit are providen below [25].

Figure 17: The parallel RC circuit structure. [25]
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Figure 18: Nyquist plot for a parallel RC circuit with R = 100 Ω and C = 1 µF . [25]

Figure 19: Bode plots for a parallel RC circuit with R = 100 Ω and C = 1 µF . [25]

After all these 10 kinds of specimens were measured by LPR, 3 kinds of specimens which
are of specific research value were investigated by EIS. In the experiments, regardless of
whether samples are platelike or cylindrical, they were embedded in resin before grinding
and polishing. Then the optical microscope and corresponding area measurement software
were utilized to measure its bare metallic surface. Once the area of each specimen was
measured, they can be ground, polished and cleaned as same as the steps in LPR and one
example is providen in Figure 20. This method also has a crevice corrosion problem but
compared with that in LPR measurements, it is negligible.
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(a) The measured area by optical microscope software (b) Real image of the sample

Figure 20: Sample configuration of EIS measurements

The electrochemical workstation VSP-300 of Bio-Logic Science Instruments and a three-
electrode system were used. The working electrode was the tested sample. Saturated
Calomel Electrode (SCE) and a graphite electrode were used as the reference electrode and
the counter electrode respectively. Corresponding placements and connections were done
as the same as that in LPR measurements. The measurement time arrangement is listed in
Table.7. The frequency range used for the EIS was: 100kHz – 0,01Hz with an AC ampli-
tude of 10 mV, 10 steps/decade. The perturbation was applied with respect to the OCP. The
detailed setup is shown in Figure 21.

Table 7: EIS measurement time after the start of each experiment.

Measurement time (hours) 2 5 10 20 30 40 50
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Figure 21: EIS software setup.

After adding 100 ml inhibitor or reference solution in the cell and starting the electrochemi-
cal workstation, the EIS measurement could start.

2.3 Fourier Transform Infrared Spectroscopy(FTIR)

Fourier Transform Infrared Spectroscopy(FTIR) was applied to investigate inhibitors’ ad-
sorption mechanisms on the surface in this section.
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Fourier Transform Infrared Spectroscopy (FTIR) indicates the Fourier Transform mathemati-
cal treatment of infrared spectral data [31]. It is a useful tool for identifying types of chemical
bonds in a molecule by producing an infrared absorption or emission spectrum that is like
a molecular "fingerprint". The general configuration of an FTIR imaging microspectrometer
is shown in Figure 22 [32]. As introduced in the above part, the inhibition effect of organic
inhibitors directly depends on some specific atoms and functional groups, so with the help
of FTIR, organic inhibitors’ functional mechanisms can be deduced.

Figure 22: Schematic of a typical FTIR imaging spectrometer. [32]

When a beam of continuous wavelength infrared light irradiates on one kind of molecule,
if the vibration frequency or the rotational frequency of a chemical bond of the molecule,
this kind of molecule will absorb infrared radiation and jump from the ground vibration or
rotation energy level to the higher vibration or rotation energy level. Based on the vibration
or rotation information, chemical bonds are measured and the existence of corresponding
atoms or functional groups in the molecules can be proved. Among different infrared spec-
tral wavelengths, the mid-infrared region (wavenumber: 4000-400 cm−1) is the most widely
used one since it corresponds to the fundamental frequency of the chemical bonds’ vibra-
tion. And FTIR normally indicates the infrared absorption spectrum in the mid-infrared
region.

FTIR also has its conditions of application:

1. The frequency of vibration or rotation in the functional group matches one of frequen-
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cies of incident infrared radiation and this frequency is called the characteristic fre-
quency

2. The dipole moments of the measured functional groups need to change during their
vibrations. In other words, if the dipole moment of a functional group does not change,
it has no infrared vibration absorption

Since different functional groups may have absorption at the same frequency and the char-
acteristic vibration frequencies of functional groups change (red shift and blue shift) with
different chemical environments, the analysis of a spectrum is much more complex than
directly identify functional groups from some specific frequencies. Besides, the fringing ef-
fect of FTIR also increases the difficulty of analyzing FTIR spectra. It indicates meaningless
strong interference fringes which hinder the spectra reading by covering the original peaks.
These fringes always appear as the form of quasi-sinusoidal shape superimposed on the
real spectrum. It is caused by interferences of IR beams reflected on the film surface and
the film-substrates interface or by interferences of multiple beams reflected on the substrate.
[33, 34, 35]

A typical fringe pattern from our FTIR experimental result is shown in Figure 23. Fringes
in FTIR is almost inevitable, the wisest way to do is to avoid these fringing districts during
analysis.

Figure 23: A fringing example in FTIR.

Vibrational spectroscopy by FTIR instruments is successfully applied to such films deposited
on a flat metal substrate using reflection-absorption spectroscopy (RAS) and attenuated total
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reflectance (ATR). Reflection-absorption implies the reflected infrared spectrum after the
absorption process on the surface of the substrate is analyzed. For adsorbates on a metallic
or conducting film, absorption of IR radiation by the adsorbate overlayer was enhanced at
high angles of incidence (near grazing) and involved only one polarization of the incident
IR beam. Attenuated total reflectance IR spectroscopy combines IR spectroscopy with total
internal reflection to restrict the analysis volume. The IR spectrum is obtained from the
substrate in contact with the ATR crystal which is made of selenide or germanium. The
ATR and RAS provide a quasi-absorption spectrum which is not identical but is similar to a
transmission spectrum, the interpretation of results may be much easier than in the case for
other reflection techniques, which provide dispersive spectra. [36, 37, 38]

Figure 24: Optical configurations of surface-sensitive infrared techniques. (top): RAS, (bottom): ATR

In this part, ex-situ FTIR measurements adopted the reflection-absorption spectroscopy (RAS)
and in-situ adopted attenuated total reflectance (ATR). FTIR measurement was performed
on samples using NICOLET 6700 FT-IR spectrometer from Thermo Electron Corporation.
This machine provides multiple smart accessories. were utilized for each kind of experi-
ment. Its detailed introduction is providen by its operation brochure and Thermo website.
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Figure 25: The NICOLET 6700 FTIR machine.

2.3.1 Ex-situ FTIR

After previous electrochemical measurements, research emphasis gradually shrank to the
Cu, 50% Zn brass and Zn. In the ex-situ FTIR part, Cu, 50% Zn brass and Zn were ground,
polished and cleaned as the same as the work in electrochemical measurements. Before
the actual test, the background spectra of the metal surfaces were recorded. Then these
specimens were immersed in 20 ml 1 mM MBI or 1H-HB-2T THF solution for 30 minutes.
After the exposure, the specimens were rinsed in pure THF for 5 seconds and dried by N2

gas flux. Finally, the polished smooth surfaces were placed towards the hole of the FTIR
accessory and tested one by one. The measured wavenumber region was at the range of
4000 cm−1 to 400 cm−1.

2.3.2 In-situ FTIR

In in-situ FTIR measurements, firstly Physical Vapor Deposition (PVD) machine has been
used to deposit a thin copper film or a thin zinc film on the ATR crystal (germanium). Be-
cause PVD cannot produce eligible 50% Zn brass thin film, only Cu and Zn were studied
in this part. Before the deposition, the Ge crystal was rinsed in acetone and ultrasonically
cleaned in ethanol for 5 min to remove impurities on the surface. Then it was immersed
in Milli-Q water (MQ water) with ultrasonic clean for 5 min and rinsed by MQ water and
dried.

The metal film thickness on the ATR crystal surface is important. A high thickness film can-
not be penetrated by the incident infrared light, so the information at the specimen/solution
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interface cannot be detected. If the thickness is not thick enough, due to the phenomenon
observed in experiments that the metal film will be dissolved during in-situ experiments, it
cannot sustain enough long experimental period. Based on experiences, the thickness of the
deposited films on the Ge crystal was defined at about 50 nm. On the other hand, to ensure
the integrity and homogeneous thickness of films, the deposition rate should be set as low
as possible, that is, at around 0.2-0.4 Å/s. The PVD machine used here is Rack Type Vacuum
Evaporator VCM 600-SP3. Detailed parameter setup and deposition procedures are detailly
introduced in the machine operation brochure.

After the PVD preparation, the accessory configuration was done as shown in 26. Then
the background spectra collection was conducted by collecting the spectra of the sample
exposed to pure THF. Finally, the pure THF was replaced by 1 mM MBI or 1H-HB-2T THF
solution and the experiment began. The measured wavenumber region was at the range of
4000 cm−1 to 400 cm−1.

(a)lateral view (b)vertical view

Figure 26: The configuration of in-situ FTIR accessory.
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3 Results and discussion

10 kinds of metallic specimens and 2 organic corrosion inhibitors were studied in this thesis.
Initially, LPR measurement was used to compare the inhibition performances of specimens.
Subsequently, 3 kinds of specimens of research value were chosen. Repetitive LPR mea-
surements over these specimens were done to calculate the average results and guarantee
reliability. Then EIS tests were conducted to investigate the corrosion process. Finally, both
ex-situ and in-situ FTIR were used to study the adsorption of inhibitor molecules on metallic
surfaces.

3.1 Electrochemical measurements

Electrochemical measurements are used to investigate the corrosion performance of each
specimen. The corrosion reactions for Cu, Zn, and brass substrates in aerated chloride solu-
tions are describled as follows.

The cathodic reaction of Cu in NaCl solution is the reduction of oxygen. The anodic reac-
tion product CuCl, which is only slightly soluble in dilute sodium chloride, reacts to pro-
duce Cu2O. With the increase of immersion, other products such as Cu(OH)2 or CuO, and
Cu2(OH)3Cl or CuCO3 · Cu(OH)2 are formed in chloride solution [39].

Cathodic reaction of Cu in NaCl solution,

O2 + 2 H2O + 4 e– −−→ 4 OH–

Anodic reaction of Cu in NaCl solution,

Cu + 2 Cl– −−→ CuCl2
– + e–

Cu + 2 Cl– −−→ CuCl2 + 2 e–

The cathodic reaction of Zn in NaCl solution is the reduction of oxygen or the generation of
hydrogen. The main anodic reaction products of Zn are Zn(OH)2 and ZnCl2.

Cathodic reaction of Cu in NaCl solution,

O2 + 2 H2O + 4 e– −−→ 4 OH–

2 H2O + 2 e– −−→ 2 OH– + H2 ↑
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Anodic reaction of Cu in NaCl solution,

Zn −−→ Zn2+ + 2 e–

Zn + 2 OH– −−→ Zn(OH)2 ↓ + 2 e–

The corrosion reactions for brasses are complex. All reactions of Cu and Zn can be found in
the brass corrosion process. Besides, Cu ions can be reduced by Zn metal and such reduction
reactions lead to the increased formation of soluble zinc complexes and precipitation of Cu
within the pores of the CuCl layer [40].

Reduction reactions of cupric ion by zinc in NaCl solution,

2 CuCl2
– + Zn −−→ 2 Cu + ZnCl4

2 –

Cu2O + Zn + 2 Cl– + H2O −−→ 2 Cu + Zn(OH)2Cl2
2 –

Reduction reaction of cuprous ion by zinc in NaCl solution,

CuO + Zn + 2 Cl– + H2O −−→ Cu + Zn(OH)2Cl2
2 –

Due to the existence of organic inhibitors, the situation could be even more complex. For
example, Figure 27 and 28 provde two possible structures of Cu2+ complexes in the MBI
solution. Similar complexes can be considered also for the 1H-HB-2T molecules. Thus, a
compound film which consists of metallic oxides and organic inhibitor molecules will form
on the metal surface. On the one hand, the formation of this mixed copper–zinc oxide poly-
mer surface film represents an effective barrier against corrosion of both metal components
in the Cu-based alloys in chloride solution. Such a complex layer will increase the difficulty
of the analysis of electrochemical experiment results. During the electrochemical experi-
ments, a visible white layer was formed on the surface of high zinc brasses and pure Zn
instead of Cu in all three kinds of solutions. The basis of the white layer is most likely to be
Zn(OH)2. This is because Zn(OH)2 is slightly soluble at room temperature in neutral water
and such a white layer was only observed in high zinc content metals. Figure 29 shows the
metallic surfaces after corrosion in 1H-HB-2T solution. Similar results are observed in MBI
and reference solutions.

30



Figure 27: Two simple models of hydrated Cu2+ ion, i.e., [Cu(H2O)4]2+(aq) and [Cu(H2O)4 · 2(H2O)]2+(aq). [41]

Figure 28: Models of MBI forming a complex with hydrated Cu2+ ion, i.e., [MBI-Cu(H2O)3]2+(aq) and [MBI-
Cu(H2O)3 · 2(H2O)]2+(aq). [41]
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Figure 29: Surface appearance after corrosion in the 1H-HB-2T solution.

3.1.1 Linear Polarization Resistance (LPR)

3.1.1.1 Specimens in 1 mmol/L MBI solution

Figure 30 shows the polarization resistances of specimens in 1 mM MBI solution (which
also contains 3%wt. NaCl and distilled water). In the view of metallic type, copper and
alpha brasses whose zinc content is below 40% have high polarization resistances and the
polarization resistances of specimens decreased with the increase of Zn content generally.
The only exception is 60% Zn brass of Gamma phase which has a relatively high polarization
resistance. Although there are some fluctuations by the exposure time, the general trend
for copper, alpha brasses and 60% Zn brass is that polarization resistances rise firstly and
then decrease. The first increase could be explained by the adsorption process of inhibitor
molecules onto the oxide-covered surface and/or its incorporation into the oxide film. The
latter decrease is likely to be caused by the desorption of inhibitor molecules.
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Figure 30: Polarization resistance values of specimens immersed in 100ml 1 mM MBI solution.

According to Equation.4, inhibition efficiencies of MBI are calculated and divided into 2
groups: group 1 and group 2. group 1 includes copper, 10% Zn brass, 30% Zn brass, 40%
Zn brass, 60% Zn brass, zinc while group 2 consists of 50% Zn brass, 70% Zn brass, 80% Zn
brass, 90% Zn brass. The results are shown in Figure 31 and 32. This group division bases
on the inhibition efficiency.

In group 1, MBI maintain high inhibition efficiencies which are more than 97% for copper,
10% Zn brass, 30% Zn brass during the whole experiment period while the efficiencies for
40% Zn brass, 60% Zn brass and zinc decrease gradually from around 98% at the beginning.
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Figure 31: Inhibition efficiencies of group 1 specimens immersed in 100ml 1 mM MBI solution.

In group 2, the inhibition efficiencies for 50% Zn, 70% Zn and 90% Zn brasses are low at the
beginning and then increase rapidly. After 20 hours, they all exceed 80% and fluctuate at a
small range from that time. For 80% Zn brass, the efficiency fluctuates at around 85%.
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Figure 32: Inhibition efficiencies of group 2 specimens immersed in 100ml 1 mM MBI solution.

Average polarization resistance of each specimen during the whole experimental period is
calculated. It is providen in Figur.40. This graph indicates of large polarization resistances at
around 1500000 Ω · cm2 of Cu and alpha brasses which include 10% Zn and 30% Zn brasses.
Besides, the polarization resistance of 60% Zn brass is relatively large at about 600000 Ω·cm2.
The remaining specimens all have small polarization resistances which are not more than
200000 Ω · cm2.
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Figure 33: Average polarization resistances of specimens immersed in 100ml 1 mM MBI solution.

3.1.1.2 Specimens in 1 mmol/L 1H-HB-2T solution

Figure 34 illustrates the polarization resistances of specimens in the 1H-HB-2T solution
(which also contains 3%wt. NaCl and distilled water). In terms of different types of speci-
mens, pure Cu and alpha brasses which are 10% Zn brass and 30% Zn brass have apparently
larger resistances. Besides, the polarization resistance of 60% Zn brass of Gamma phase is
relatively high. Polarization resistances of the remaining specimens are too small to be vis-
ible on such an axis scale. In the view of the timeline, copper, alpha brasses and 60% Zn
brass show a fluctuant ascending tendency. From the graph, it is difficult to judge the trend
of other specimens.
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Figure 34: Polarization resistance values of specimens immersed in 100ml 1 mM 1H-HB-2T solution.

Based on Equation.4, inhibition efficiencies of 1H-HB-2T are also divided into 2 groups:
group 1 and group 2. group 1 includes copper, 10% Zn brass, 30% Zn brass, 40% Zn brass,
60% Zn brass, zinc while group 2 are 50% Zn brass, 70% Zn brass, 80% Zn brass, 90% Zn
brass. The results are shown in Figure 35 and 36. This group division has the same reason
as above.

In group 1, 1H-HB-2T for copper, 10% Zn brass, 30% Zn brass maintain high inhibition
efficiencies more than 98% while the efficiencies of 40% Zn brass, 60% Zn brass and zinc
fluctuate at a high level.
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Figure 35: Inhibition efficiencies of group 1 specimens immersed in 100ml 1 mM 1H-HB-2T solution.

In group 2, the inhibition efficiencies for brasses increase with different rates, but they all
exceed 85% at the end of the experiment.
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Figure 36: Inhibition efficiencies of group 2 specimens immersed in 100ml 1 mM 1H-HB-2T solution.

The average polarization resistance of each specimen during the whole experimental period
is calculated and presented in Figur.37. This graph indicates high polarization resistances of
Cu, alpha brasses and a relatively high resistance of 60% Zn brass which are consistent with
the conclusions we obtained before.
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Figure 37: Average polarization resistances of specimens immersed in a 100ml 1 mM MBI solution.

3.1.1.3 Preselection of specimens

This thesis aims to understand the inhibitor mechanisms of inhibitors on Cu, Zn, and dif-
ferent brasses rather than to find the best efficient inhibitor or the most corrosion-resistant
brass. So even 60% Zn brass has a relatively high polarization resistance, 50% Zn brass was
chosen as a better research objective. There are 2 reasons. The first and the most important
reason is that brasses whose Zn contents are more than 50% are too brittle for general use,
50% is the upper limit value for Zn. Secondly, 50% Zn brass is of a single-phase, that is,
Beta brass. The study of it helps to understand the function of Beta phase in the corrosion
process. Besides 50% Zn brass, Cu and Zn were chosen since they are two basic elements
in brasses. So specimens for the next step shrink to Cu, Zn and 50% Zn brass. Replicated
LPR measurements have been done and two closest groups of data were used to calculate
the average data in the plots. So the accuracy of results was guaranteed.

Figure 40 provides the polarization resistances of Cu in 100ml 1 mM MBI and 1H-HB-2T
solutions. The polarization resistance in the 1H-HB-2T solution is higher than that in the
MBI solution. And both they show an increase firstly (1H-HB-2T to 70th hour and MBI to
80th hour) and decrease during the rest of the experimental time. This is a typical adsorp-
tion–desorption process.
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Figure 38: Polarization resistances of Cu immersed in 100ml 1 mM MBI and 1H-HB-2T solutions.

Polarization resistances of 50% Zn brass in 100ml 1 mM MBI and 1H-HB-2T solutions are
providen below. The trend of 50% Zn brass is almost the same with that of Cu except that
the increase period for 50% Zn brass is longer which is to 90 hours.

Figure 39: Polarization resistances of 50% Zn brass immersed in 100ml 1 mM MBI and 1H-HB-2T solutions.

Polarization resistances of Zn in 100ml 1 mM MBI and 1H-HB-2T solutions can be seen in
Figure 40. Zn shows a completely different trend. Polarization resistance of Zn inthe 1H-
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HB-2T solution slightly fluctuates at around 7500 Ω · cm2. The polarization resistance in the
MBI solution sharply drops from 45000 Ω·cm2 to the same level of that in 1H-HB-2T solution
within the beginning 20 hours. Such a decrease at the beginning is likely to be due to the
dissolution of the preexisting oxide layer on the surface.

Figure 40: Polarization resistances of Zn immersed in 100ml 1 mM MBI and 1H-HB-2T solutions.

3.1.2 Electrochemical Impedance Spectroscopy (EIS)

The average EIS plots of Cu, Zn and 50% Zn brass are providen below. Each EIS experi-
ment has at least 3 parallel experiments and the two closest groups of data were chosen to
calculate the average and eventually the average data points are used to draw the plots.

Various reaction parameters such as charge transfer resistance (Rct), double layer capaci-
tances (Cdl) and solution resistance (Rs) could be obtained by EIS results. The impedance
plots are not perfect semicircles. This feature could be attributed to frequency dispersion
and impedance arcs overlap. The charge transfer values (Rct) are calculated from the dif-
ference in impedance at the lower and higher frequencies as suggested by Haruyama et al.
[42]. If there is a serious overlap of impedance arcs, it reduces the accuracy of Rct or causes
missing data. The double-layer capacitance (Cdl) can be calculated by Equation.10, but the
frequency at which the imaginary component of the impedance is maximum (-Z”max) needs
to be exactly found and the involvement of Rct in the equation further reduces the accuracy.
So Cdl is not discussed in this thesis. Rs corresponds to the impedance at the very high fre-
quency region and it is ignored under normal conditions. So only Rct and the impedance at
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the low frequency region which is related to Rp are investigated.

Cdl =
1

2f(−Zimmax)Rct

(10)

3.1.2.1 Pure Cu in 1 mmol/L MBI solution

Bode and Nyquist plots of pure Cu in 100ml 1 mM MBI solution for 50 hours are providen
in Figure 41 and Figure 42.

In the Nyquist plot, two impedance arcs are exhibited. Rct values are listed in Table.8. The
missing data for 2th and 5th hour are associated with the difficulty of identifying the smaller
impedance arc. The table shows that Rct increases rapidly and reaches a maximum value
after 30 hours. Then it decreases slightly and remains the same. The impedance near the low
frequency region generally decreases during the first 30 hours of immersion time followed
by a subsequent increase.

In Bode plots, the impedance at the very low frequency which could be roughly regarded
as the polarization resistance showed a similar trend with the Nyquist plot. The log|Z| de-
creases until the 20th hour, it begins to increase after that. From Bode plot (b), two time con-
stants could be observed. The time constant at the low frequency region should be caused
by the inhibitor film absorbed on the metallic surface. The other time constant is from the
double-layer. The maximum phase angle of the double-layer increases to around 85 degree
and its corresponding frequency has a slight shift towards low frequency.
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(a) The intact Nyquist plot.

(b) The Nyquist plot at the high frequency region (the square district in the intact plot).

Figure 41: Nyquist plot of pure Cu in 100ml 1 mM MBI solution for 50 hours.
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Table 8: Rct obtained from the Nyquist plot.

Time/h 2 5 10 20 30 40 50
Rct/Ohm·cm2 1250 2500 15000 8000 8000

(a) (b)

Figure 42: Bode plots of pure Cu in 100ml 1 mM MBI solution for 50 hours.

3.1.2.2 50% Zn brass in 1 mmol/L MBI solution

Figure 43 and Figure 44 show Bode and Nyquist plots of 50% Zn brass in 100ml 1 mM MBI
solution for 50 hours.

In Nyquist plot, at the end period of the experiment, two impedance arcs can be identified.
Table.9 shows Rct continues to rise during the whole 50 hours. The impedance at the low
frequency region slightly fluctuates all the time.

In Bode plot (a), the impedance at the very low frequency region stays stable and does
not have any obvious change with time. In Bode plot (b), there are two time constants at
the beginning. The time constant at the high frequency region should be caused by the
double layer and the other one at the middle frequency region is likely to come from the
corrosion product layer (mainly Zn(OH)2). In the second half of the experiment, a new
time constant appears at the low frequency region which could be the inhibitor film. This
inhibitor film can be either absorbed on the outer side of the corrosion product layer or
the bare metallic surface without corrosion products. The maximum phase angle from the
double layer increases gradually because of the decrease of double layer capacity. On the
opposite, the maximum phase angle from the corrosion product layer decreases rapidly
because the corrosion product layer has increased during the experiment.
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(a) The intact Nyquist plot.

(b) The Nyquist plot at the high frequency region (the square district in the intact plot).

Figure 43: Nyquist plot of 50% Zn brass in 100ml 1 mM MBI solution for 50 hours.
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Table 9: Rct obtained from the Nyquist plot.

Time/h 2 5 10 20 30 40 50
Rct/Ohm·cm2 50 70 70 500 1000 2000 2800

(a) (b)

Figure 44: Bode plots of 50% Zn brass in 100ml 1 mM MBI solution for 50 hours.

3.1.2.3 Pure Zn in 1 mmol/L MBI solution

Figure 45 and Figure 46 provide Bode and Nyquist plots of pure Zn in 100ml 1 mM MBI
solution.

There are two oblate, incomplete impedance arcs in the Nyquist plot. Table.10 provides Rct

data but a lot of Rct data are missing. The impedance at the low frequency region gradually
decreases with the extension of the experiment time.

In Bode plot (a), the log|Z| gradually decreases with the extension of experimental time. In
the Bode plot (b), before the 20th hour of the experiment, only one time constant is identified.
After that, a new time constant appeared in the low frequency region. The time constant at
the low frequency region should be caused by the corrosion products (mainly Zn(OH)2), the
other one is due to the double-layer. The maximum phase angle of double layer decreases
and its corresponding frequency shifts towards high frequency. Because their values are
close, before the 20th hour, they overlap in Bode plot (b). With the process that the area for
the double-layer is gradually covered by the corrosion product layer, they can be gradually
distinguished.
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(a) The intact Nyquist plot.

(b) The Nyquist plot at the high frequency region (the square district in the intact plot).

Figure 45: Nyquist plot of pure Zn in 100ml 1 mM MBI solution for 50 hours.
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Table 10: Rct obtained from the Nyquist plot.

Time/h 2 5 10 20 30 40 50
Rct/Ohm·cm2 700 300

(a) (b)

Figure 46: Bode plots of pure Zn in 100ml 1 mM MBI solution for 50 hours.

3.1.2.4 Pure Cu in 100ml 1 mM 1H-HB-2T solution

Figure 47 and Figure 48 show Bode and Nyquist plots of Cu in 100ml 1 mM 1H-HB-2T
solution for 50 hours.

In the Nyquist plot, there are two certifiable impedance arcs. Table.11 shows Rct decreases
firstly and then bounces back to the beginning level at the end of the experiment. The
impedance at the low frequency region stays the same in the first 10 hours and then de-
creases along with the increase of time.

In Bode plot (a), log|Z| at the low frequency region begins to slowly decrease after 10-hour
exposure. In Bode plot (b), two time constants are observed. From the high frequency region
to the low frequency region, the time constants are attributed to the electric double-layer, the
MBI inhibitor film sequentially. The maximum phase angle of double-layer increases with
the increase of time, while the maximum phase angle of the inhibitor film drops slightly. It
has a similarity with that in the MBI solution in essence.
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(a) The intact Nyquist plot.

(b) The Nyquist plot at the high frequency region (the square district in the intact plot).

Figure 47: Nyquist plot of pure Cu in 100ml 1 mM 1H-HB-2T solution for 50 hours.
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Table 11: Rct obtained from the Nyquist plot.

Time/h 2 5 10 20 30 40 50
Rct/Ohm·cm2 1250 1250 900 750 900 1100 1250

(a) (b)

Figure 48: Bode plots of pure Cu in 100ml 1 mM 1H-HB-2T solution for 50 hours.

3.1.2.5 50% Zn brass in 100ml 1 mM 1H-HB-2T solution

Figure 49 and Figure 50 show Bode and Nyquist plots of 50% Zn brass in 100ml 1 mM 1H-
HB-2T solution for 50 hours.

In the Nyquist plot, Rct in Table.12 has a monotonic increase trend. The impedance at the low
frequency region rises rapidly at the first 20 hours and then basically remains unchanged.

In Bode plot (a), with the time increase, log|Z| in the very low frequency region increases
a little. Similar to the result of 50% Zn brass in the MBI solution, Bode plot plot (b) graph
provides three time constants in total. In the beginning, there is only one clear time constant
in the middle region. After 5 hours, another time constant in the high frequency region
appears. The last time constant arises in the second half of the experiment. From high
frequency to low frequency, time constants are from double-layer, the corrosion product
layer and 1H-HB-2T inhibitor film sequentially. This process is complex and a very rough
estimation that the double-layer capacity drops, the inhibitor film capacity increases and the
corrosion product layer capacity rises with the extension of time.
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(a) The intact Nyquist plot.

(b) The Nyquist plot at the high frequency region (the square district in the intact plot).

Figure 49: Nyquist plot of 50% Zn brass in 100ml 1 mM 1H-HB-2T solution for 50 hours.
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Table 12: Rct obtained from the Nyquist plot.

Time/h 2 5 10 20 30 40 50
Rct/Ohm·cm2 50 70 100 700 1000 1200 1500

(a) (b)

Figure 50: Bode plots of 50% Zn brass in 100ml 1 mM 1H-HB-2T solution for 50 hours.

3.1.2.6 Pure Zn in 100ml 1 mM 1H-HB-2T solution

Figure 51 and Figure 52 provide Bode and Nyquist plots of pure Zn in 100ml 1 mM 1H-HB-
2T solution.

In the Nyquist plot, there is only one oblate impedance arc within the first 5 hours and after
that, the second arc appears in the low frequency region. Table.13 provides Rct of the second
period of the experiment. Rct increases from the 20th hour to the 40th hour and then keeps
stable. The impedance at the low frequency region fluctuates at around 6000 Ω∆cm2.

In Bode plot (a), the log|Z| in the low frequency region keeps steady. In the Bode plot
(b), before the 5th hour of the experiment, only one time constant is identified. After that,
a new time constant appears in the high frequency region. The time constant in the low
frequency region should be mainly caused by the corrosion product layer, the other one
is due to the double-layer. According to the information above, the double-layer capacity
drops, the corrosion product capacity increases in the process.
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(a) The intact Nyquist plot.

(b) The Nyquist plot at the high frequency region (the square district in the intact plot).

Figure 51: Nyquist plot of pure Zn in 100ml 1 mM 1H-HB-2T solution for 50 hours.
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Table 13: Rct obtained from the Nyquist plot.

Time/h 2 5 10 20 30 40 50
Rct/Ohm·cm2 300 550 700 700

(a) (b)

Figure 52: Bode plots of pure Zn in 100ml 1 mM 1H-HB-2T solution for 50 hours.

3.1.3 Summary of electrochemical measurements

As for different brasses, alpha brasses (10% Zn brass and 30% Zn brass) have the highest
corrosion resistance among the studied materials.. And generally, with an increased zinc
content, the corrosion resistance of brass decreases except for the gamma brass specimen
which contains 60% Zn. In terms of the two inhibitors, 1H-HB-2T has a higher inhibition
ability than MBI. According to the EIS results, plural time constants exist in EIS plots which
indicates both the inhibitor film and the corrosion product layer affect the corrosion process.

3.2 Fourier Transform Infrared Spectroscopy(FTIR)

Miloev et.al., [23, 41] mentioned multiple adsorption modes of MBI molecules on the Cu
surface defined by density functional theory (DFT) calculations as shown schematically in
Figure 53. Other adsorption modes are also introduced in the work of Ingrid Miloev, Nataa
Kovaevi, and Anton Kokalj. But the common point of all adsorption modes is that only
either or both N and S atoms play a role in the formation of chemical bonds. This will affect
the FTIR spectrum of corresponding functional groups. As for 1H-HB-2T, it is very likely to
have the same adsorption mode with MBI since they have similar structures.
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(a) (b)

Figure 53: Optimized structures of MBI molecules adsorbed on Cu(1 1 1) (left panels) and the [MBI–Cuad]
monomer complex (right panels). Color coding of atoms is also indicated: H is cyan, C is yellow, N is sky-blue,
and Cu is colored copper-brown with color becoming darker as going from surface toward the bulk. Bond
lengths are specified in Åunits. [41]

In this section, inhibitors (MBI and 1H-HB-2T) were dissolved in the THF solution to prepare
100ml 1 mM solution. Then, ex-situ and in-situ FTIR spectrum of Cu and Zn in MBI and
1H-HB-2T THF solutions were collected. Before analysis, FTIR spectroscopy was base-line
corrected and smoothed initially for distinguishing peaks of each functional group easily.
The infrared absorption frequencies used in the analysis of the FTIR spectrum are listed in
Table.14 [43, 44]. Although the chemical environments of functional groups in this chart do
not completely match that of the experiment, this table still could be used as the reference
for identifying functional groups.

Table 14: Infrared absorption frequencies of functional groups.

Functional group name Chemical environment Type of vibration Frequency (cm−1) Intensity
C-H -CH3 δ 1450 and 1375 m

Aromatics ν 3150-3050 s
γ 900-690 s

C=C Aromatic 1600 and 1475 m-w
N-H Primary and secondary amines and amides ν 3500-3100 m

δ 1640-1550 m-s
C-N Amines 1350-1000 m-s
C=N Imines and oximes 1690-1640 m-s
S-H Mercaptans 2550 w

The meanings of some common symbols used are providen:
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ν stretch vibration

δ bend vibration

γ out-of-plane bend vibration

s strong

m medium

w weak

subst. the substituted function groups of benzene ring

3.2.1 Ex-situ Fourier Transform Infrared Spectroscopy(FTIR)

The ex-situ FTIR spectrums of Cu and Zn are shown in Figure 54 and Figure 54. Due to the
fringe interference and the overlap of peaks, only part of peaks that are clear and meaningful
are concentrated.

3.2.1.1 The ex-situ FTIR spectrum in 1 mM MBI THF solution

For 50% Zn brass and pure Zn, N-H and C-H bonds can be easily identified since their
stretch vibration peaks are apparent at about 3400 cm−1 and 2900 cm−1 respectively. Other
functional groups such as C=N, C=C, and N-H can be pointed at the range of about 1700-
1400 cm−1. Also, the stretch vibration peak of C-N at around 1350 cm−1, the bend vibration
peak of C-H at the range of 1200-1050 cm−1 and the out-of-plane bend vibration of C-H at
around 900 cm−1 are observed. For pure Cu, the intensities of some peaks deceased and the
peak of stretch vibration of the N-H bond disappeared totally. Other information is almost
the same.

As the analysis above, the frequency peaks of vibrations of most function groups are ob-
served in ex-situ FTIR. However, there is no evidence of the existence of S-H bonds, be-
cause, for mercapto molecules, thione tautomers are by about 0.5 eV more stable than thiols
(as standalone) and thiols could dissociate barrier-less or almost so (S–H bond cleavage)
[23]. Another noteworthy phenomenon is that there is no N-H peak for Cu surface while
it appears for both 50% Zn brass and Zn surfaces. One possible explanation is that N-H
attends the bond formation of inhibitor molecules and the copper surface. However, this
needs more evidence to support it. Besides, near 659 cm−1, there might be an absorption of
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the C-S bond, but it does not appear. This can be caused either by the limited optimal spectra
collection range of the FTIR machine or by the weakness of the vibration of this bond.

Figure 54: Ex-situ FTIR spectra of 1 mmol/100ml MBI solution.

3.2.1.2 The ex-situ FTIR spectrum in 1 mM 1H-HB-2T THF solution

In these experiments, the fringe effect is serious which leads to the absence of the infor-
mation at the range of 2300 to 1500 cm−1. For all the three kinds of samples, they have
analogous absorption spectrum. The stretch vibration peaks of N-H, C-H, C=C, and C-N
bonds are located at 3400 cm−1, 2900 cm−1, 1470 cm−1 and 1300 cm−1 respectively. Besides,
near 1000 cm−1, there are two absorption peaks. The peak which is a bit more than 1000
cm−1 probably was C-N peak. The peaks of frequency lower than 1000 cm−1 represent the
bend and out-of-plane bend vibration of C-H.
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Figure 55: Ex-situ FTIR spectra of 1 mmol/100ml 1H-HB-2T THF solution.

One question here is a peak at around 3400 cm−1 appears. This frequency could be the
characteristic frequency of N-H, but according to the 1H-HB-2T structure in Figure 9, it does
not have the N-H bond. The most reasonable explanation is that 1H-HB-2T spontaneously
transforms from thiol to thione just as Figure 11 shows.

3.2.2 In-situ Fourier Transform Infrared Spectroscopy(FTIR)

3.2.2.1 The in-situ FTIR spectrum of Pure Cu in 1 mM MBI THF solution

The base-line corrected and smoothed in-situ FTIR spectrum of a thin copper film deposited
on the Ge crystal in 1 mM MBI THF solution is shown in Figure 56. Peaks corresponding
to these functional groups are signed in this figure and their relative peak intensity change
within 10 hours is calculated and shown in Figure 57.

In Figure 56, some peaks including the stretch, bend, and out-of-plane bend vibration peaks
of C-H at 2983 cm−1, 1083 cm−1 and 987 cm−1 are inverted downward. This phenomenon
is likely to be caused by the specific effective optical path length. Some optical effects such
as the electric field standing wave effect can influence peak shapes [45]. These peaks could
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be avoided by changing other ATR crystal such as ZnSe or diamond. Since the inversion of
peaks does not affect the next analysis, they are accepted with a decreased reliability. Besides
the inverted peaks of C-H, most peaks are inverted at the beginning. This should be caused
by the unstable state on the surface. For example, the absorption of H2O and CO2 from the
air at the beginning can cause interference on optical path length. Other information from
the graph is normal. C=N stretching vibration causes a peak at the wavenumber around
1672 cm−1, compared with the peaks that appear at 1591 cm−1 produced by C=C stretching
vibration and 1529 cm−1 produced by N-H stretching vibration.

Figure 56: In-situ FTIR spectra of Cu in 100ml 1 mM MBI solution.

Because some peaks (vibration peaks of C-H) are inverted, their absolute peak intensities
are used in Figure 57 and other intensities are normally shown. From the graph, the relative
peak intensities show a similar trend. They rise rapidly within the first 2 two hours and
then increase very slowly until the 10th hour. It means that the adsorption of each MBI
functional group on the Cu surface increases rapidly and almost finishes within the first 2
two hours. Afterward, they remain stable with a small increase. This process suits some facts
that the adsorption process is rapid and once the equilibrium of adsorption and desorption
achieved, it would not have a substantial increase anymore. Besides, another conclusion
that could be obtained is the functional groups shown in the figure do not attend the bond
formation between the inhibitor molecules and the copper film. After 10 hours, due to the
serious dissolution of thin film, the results are unbelievable and are not providen here.
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Figure 57: Peak intensity values of Cu from MBI FTIR spectra.

3.2.2.2 The in-situ FTIR spectrum of Pure Cu in 1 mM 1H-HB-2T THF solution

The base-line corrected and smoothed in-situ FTIR spectrum of a thin copper film deposited
on the Ge crystal in 1 mM 1H-HB-2T THF solution is shown in Figure 58. Peaks corre-
sponding to these functional groups are signed in this figure and their relative peak intensity
change within 10 hours is calculated and shown in Figure 59.

Figure 58 provides similar information with Figure 56. There are peaks including the stretch,
bend and out-of-plane bend vibration of C-H at 2989 cm−1, 1103 cm−1 and 929 cm−1. Be-
sides, C=C stretch vibration causes a peak at the wavenumber around 1589 cm−1, compared
with the peaks that appear at 1531 cm−1 produced by N-H bend vibration and 1272 cm−1

produced by C-N stretch vibration. The peak at around 2360 cm−1 caused by CO2 is noise.
In the beginning, some inverted peaks such as C=C stretch peaks are observed due to the
unsteady state on the surface.
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Figure 58: In-situ FTIR spectra of Cu in 100ml 1 mM 1H-HB-2T solution.

As shown in Figure 59, most peaks show two periods in intensity, that is, the rapid increase
period and the slow increase period. The intensities for most functional groups rise rapidly
for the first half an hour and then keep the slow increase until the 10th hour. This process
of 1H-HB-2T is the same as that of MBI on the copper surface. However, it seems that the
adsorption of 1H-HB-2T is faster than that of MBI and almost finishes within half an hour
on the Cu surface.
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Figure 59: Peak intensity values of Cu from 1H-HB-2T FTIR spectra.

3.2.2.3 The in-situ FTIR spectrum of Pure Zn in 1 mM MBI THF solution

The base-line corrected and smoothed in-situ FTIR spectrum of thin zinc film deposited on
the Ge crystal in 1 mM MBI THF solution is shown in Figure 60. Peaks corresponding to
these functional groups are signed in this figure and their relative peak intensity change
within 10 hours is calculated and shown in Figure 61.

The stretch, bend and out-of-plane bend vibration of C-H are located at 2989 cm−1, 1083
cm−1 and 748 cm−1 respectively. C=N stretching vibration causes a peak at the wave num-
ber around 1666 cm−1, compared with the peaks that appear at 1589 cm−1 produced by
C=C stretching vibration and 1527 cm−1 produced by N-H stretching vibration. The peak at
around 2360 cm−1 caused by CO2 is noise. In the beginning, some inverted peaks such as
C-H stretch peaks are observed due to the unsteady state on the surface.
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Figure 60: In-situ FTIR spectra of Zn in 100ml 1 mM MBI solution.

Two time periods can also be roughly divided. Within the first 5 hours, the intensities of
functional groups have different but relatively high increase rates. After that, they keep
the slow increase until the 10th hour. The adsorption process finishes in 5 hours and then
surface equilibrium has achieved.

Figure 61: Peak intensity values of Zn from MBI FTIR spectra.

64



3.2.2.4 The in-situ FTIR spectrum of Pure Zn in 1 mM 1H-HB-2T THF solution

The base-line corrected and smoothed in-situ FTIR spectrum of thin zinc film deposited on
the Ge crystal in 1 mM MBI THF solution is shown in Figure 62. Peaks corresponding to
these functional groups are signed in this figure and their relative peak intensity change
within 10 hours is calculated and shown in Figure 63.

The stretch, bend and out-of-plane bend vibration of C-H are found at 2981 cm−1, 1103
cm−1 and 916 cm−1 respectively. C=N stretching vibration causes a peak at the wave num-
ber around 1666 cm−1, compared with the peaks that appear at 1590 cm−1 produced by
C=C stretching vibration and 1527 cm-1 produced by N-H stretching vibration. The peak
at around 2360 cm−1 caused by CO2 is noise. This experiment seems to have good stability
from beginning. No inverted peak is observed in the graph.

Figure 62: In-situ FTIR spectra of copper in 100ml 1 mM 1H-HB-2T solution.

The change of peak intensity in 1 mM 1H-HB-2T THF solution is the same as that in the MBI
THF solution. They increase quickly for the first 5 hours and then rise at a small rate. The
adsorption process finishes in 5 hours and then surface equilibrium has achieved.
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Figure 63: Peak intensity values of Zn from 1H-HB-2T FTIR spectra.

3.2.3 Summary of FTIR measurements

In ex-situ FTIR measurements, most kinds of functional groups of MBI and 1H-HB-2T are
observed. Among these functional groups, the unexpected N-H bond of 1H-HB-2T indi-
cates a spontaneous structure transformation from thiol to thione, N and S atoms are the
most possible atoms bonding with metallic surfaces, but it is difficult to affirm their detailed
function. In-situ FTIR results are very similar and prove that the adsorption process of both
inhibitors could reach an equilibrium state within 5 hours.
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4 Conclusion

Corrosion inhibition properties of two organic compounds, 2-mercapto-benzimidazole (MBI)
and 2-mercapto-1-methyl-benzimidazole (1H-HB-2T), on copper alloys (brasses), are inves-
tigated in this thesis. Electrochemical measurements including linear polarization resistance
(LPR) and electrochemical impedance spectroscopy (EIS) were utilized to study the corro-
sion inhibition performance and mechanisms of MBI and 1H-HB-2T for brasses. Then, ex-
situ and in-situ Fourier transform infrared spectroscopy (FTIR) measurements were used to
investigate the adsorption process and mechanisms of inhibitor molecules on the metallic
surfaces. For brasses, the phase type directly determines the corrosion resistance of brass in
the presence of organic inhibitors studied here. According to electrochemical measurement
results,

The phase type of the brass substrate is one of the most important factors determining the
corrosion resistance in the presence of organic inhibitors studied here. It was shown that the
alpha-phase brasses (10% Zn brass and 30% Zn brass) have the highest corrosion resistance
in the presence of studied inhibitors. With an increased zinc content, the corrosion resistance
of brass decreases except for the gamma-phase brass specimens containing 60% Zn.

Although MBI and 1H-HB-2T have similar chemical structures, 1H-HB-2T shows better cor-
rosion inhibition than MBI owing to its extra methyl functional group. Moreover, 1H-HB-2T
possibly has a spontaneous structure transformation from thiol to thione. The interaction
mechanisms of MBI and 1H-HB-2T molecules on copper and brass are most likely to be
chemisorption, but the chemical bond formation mode is still a question. Additionally, the
absorption process of the inhibitors on the metallic sufaces take place in 5 hours.
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5 Future work

Based on the results of this thesis, further researches could be conducted from the following
several aspects.

1. The roles of S and N atoms in the bonding formation process are still unclear. Although
there already are some modeling and calculations, an experimental evidence is still
missing.

2. The brass specimens studied in this thesis are based on copper-zinc alloys showing
different interactions with the inhibitors. Other types of copper alloys with Pb, Sn and
Mn alloying elements included could be a future work.
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