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Control of Corrosion and Biofouling in Seawater Pipe

Mun Su, Kim

Department of Marine System Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

In the present-day society, with the emergence of sophisticated technologies,
shipbuilding and marine industries have been developed in a rapid and broad
manner. This requires that ships and marine structures, such as offshore plants
and power plants have not only high value, but also a long life-expectancy. In
the case of the marine infrastructures including vessels, their system should be
obligatorily cooled to navigate vessels and operate facilities in order to avoid
system being overheated. Therefore, most facilities have used seawater as
coolant. However, along with the advantages of using seawater as coolant, such
as cost-efficiency and resource abundance, there are also disadvantages,
including corrosion and biofouling. Thus, in the field of vessels and energy
plants, a disaster-defined as the inability to navigate, stop of generating
power, and malfunction of plant facility-could occur either due to poor

cooling or pitting caused by corrosion.

Nevertheless, what aggravates the situation is that an effective and
efficient technique that would enable control of corrosion and biofouling in
seawater pipes is still lacking. Among relevant pipeline corrosion protection

technologies, there is the method that is the inner surface coating of the

- Xxiii -
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pipe. However, the shortcoming of this method is that it is no longer
effective when the coated surface is cracked. In addition, in thermal power
and nuclear plants, a widely used technique that enables restricting the
growth of marine organisms is electrochlorination. However, the limitation of
this technique is that it is manually operated and adjusted by non-experts.
Depending on the amount of current, marine organisms would evolve too much
in the pipe or HCIO produced by electrochlorination devastates ecosystem. In
this context, it is obvious that a thorough investigation of effective ways to

control corrosion and biofouling in seawater pipes is urgently needed.

In the present study, cathodic protection and electrochlorination were
experimentally tested for their effectiveness in the control of corrosion and

biofouling.

As a result of the cathodic protection in the pipes, when inspecting the
surface of specimen and pipe, we observed that the studied specimens were
properly protected. Furthermore, as shown by the results of measuring
hypochlorous acid produced by electrochlorination, the lower cathodic
protection potential was maintained, the higher increase of the HCIO
concentration was observed. In addition, when adjusting additional current in
the electrochlorination facilitiy, we were also able to adjust the total HCIO
concentration, which could decimate marine organisms. From these results, we
observe that the control of corrosion and biofouling would be possible by using
cathodic protection and electrochlorination.

KEY WORDS : Corrosion; Cathodic protection; Electrochlorination;

Hypochlorous acid(HCIO); Biofouling
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Chapter [
INTRODUCTION

1.1 Study background and objective

In the present-day society, with the emergence of sophisticated technologies,
shipbuilding and marine industries have been developed in a rapid and broad
manner. This requires that ships and marine structures, such as offshore plants
and power plants have not only high value, but also a long life-expectancy. In
the case of the marine infrastructures including vessels, their system should be
obligatorily cooled to navigate vessels and operate facilities in order to avoid
system being overheated. Therefore, most facilities have used seawater as
coolant. However, along with the advantages of using seawater as coolant, such
as cost-efficiency and resource abundance, there are also disadvantages,
including corrosion and biofouling. Specifically, corrosion accelerates damage in
pipes, which leads to unexpected and frequent leaks. With regard to biofouling, it

causes rapidly evolving blocks in the cooling system.

In the field of vessels and energy plants, a disaster-defined as the inability
to navigate, stop of generating power, and malfunction of plant facility-could
occur either due to poor cooling or pitting caused by corrosion. If a plant
system ceases its operation, there is a risk of explosion caused by the increase
of the boiler steam pressure and the difficulty to acquire a power source
because of the stop of power generation. Furthermore, in the case of vessels,
a dramatic accident can occur due to the loss of propulsion. Consequently,

economic and social losses needed to recover the system are astronomical®.
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From the past accidents, there are three representative cases of pipe damage
by corrosion: (1) the accident at Ul-jin nuclear station in Dec, 1988; (2) the
accident at Han-bit nuclear station in 2012; and (3) the accident at Wol-sung
nuclear station in Jun, 2013. In all these accidents, the underlying reason was
corrosion in the pipes. Similar cases have also occurred abroad: for instance, in
2004, an accident occurred at the MIHAMA nuclear station in Japan, and the
reason was the seawater pipe being fractured by corrosion. As a result of this
accident, four persons died, and five persons got severe injuries?. With regard
to biofouling, the experience of Marchwood (Southhampton) showed that between
1957 and 1964, 4000 condenser tubes failed due to mussel fouling leading to
leakage. Apart from the loss of  generation, these leaks contaminated the feed
water system and accelerated boiler water side corrosion, resulting in a failure of
the boiler tube. In addition, an analysis of all tube failures at Kansai Electric
Power Corporation (Japan) in 1982 and 1983 showed that 94 % of all tube failures
were related to macro-fouling in the tubes®. Despite the devastating
consequences of such incidents, corrosion and biofouling in the cooling system of

energy plants, vessels, and marine structures continue to be reported®.

Nevertheless, what aggravates the situation is that an effective and efficient
technique that would enable control of corrosion and biofouling in seawater
pipes is still lacking. Among relevant pipeline corrosion protection technologies,
there is the method of coating of the surface of the pipe. However, the
shortcoming of this method is that it is no longer effective when the coated
surface is cracked. In addition, in thermal power and nuclear plants, a widely
used technique that enables restricting the growth of marine organisms is
electrochlorination. However, the limitation of this technique is that it is manually
operated and adjusted by non-experts. Therefore, if the current is too low,
marine organisms would evolve too much in the cooling system. This

phenomenon results in blocking of the cooling pipe. By contrast, if the current is
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too high, fishes and shellfishes living near the discharge port of the cooling
water would die. In this context, it is obvious that a thorough investigation of
effective ways to control corrosion and biofouling in seawater pipe is urgently

needed.

In the present study, cathodic protection and electrochlorination were
experimentally tested for their effectiveness in the control of corrosion and
biofouling. The major objective of this study was to achieve simultaneous and

full control of corrosion and biofouling in seawater pipe.

1.2 Study contents
The remainder of this present thesis is structured as follows.

(1) Study background and objectives are described in Chapter 1.

(2) The corrosion and biofouling control theory and relevant literature are

reviewed in Chapter II.

(3) Specimens, test apparatus, and experimental procedures for cathodic

protection and electrochlorination are described in Chapter III.

(4) The results of testing the effectiveness of cathodic protection and
electrochlorination in various environments are reported in Chapter IV.

(5) Conclusions and outlined directions of further research are drawn in
Chapter V.
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Chapter I
LITERATURE REVIEW

2.1 Corrosion

2.1.1 Background theory

Corrosion is a natural phenomenon. Just like water flows to the lowest
level, all natural process tend toward the lowest possible energy states. For
instance, iron and steel have a natural tendency to combine with other
chemical elements to return to their lowest energy states. In order to
return to their lowest energy states, iron and steel frequently combine with
oxygen and water, both of which are present in the most natural
environments, to form hydrated iron oxides (rust), similar in chemical
composition to the original iron ore. Corrosion life cycle of a steel product
is shown in Fig 2.1, Like this, corrosion is the destructive results of

chemical reactions between metal or metal alloy and their environments®.

Finished Steel Product

Sm‘?lt?ng & Adding
Refining Energ_y

Giving Up
Energy

Air & Moisture
Corrode Steel
& Form Rust

Iron Oxide
(Ore & Rust)

Fig 2.1 The corrosion cycle of steel
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Corrosion of the metal in solution environments is proceeded by
electrochemical reactions. Surface of metal which occur corrosion reaction act
as mixed electrode and its couple of metal play a role as both anodic and
cathodic reaction. At local anode site, oxidation reaction is occurred and metal
atom is dissolved into solution in a form of ferrous ions. Liberated electrons
move from anode to cathode and reduction reaction is occurred at local
cathode site by consuming electrons. In corrosion reaction, the most

general example of both anodic and cathodic reaction is as follows.
Anodic reaction:

Fe(s) — Fe”(aq) + 2 - QN\\N\W LYY oo o @.D
Alis) — AIS*(aq) +3% X' sEmEm = - - - - 2.2)

Cathodic reaction:

2H+(aq) + Ze_ — Hz(g) .................... (23)
Oy + 2H,0 + 4 — 40H (aq) - - -« - - - = e 2.4

Fig 2.2 illustrates behavior for an iron surface immersed in acidic aqueous
environment. At certain sites on the iron surface, iron atoms pass into
solution as Fe?" ions. The two electrons produced by this anodic half-cell
reaction are consumed elsewhere on the surface to reduce two hydrogen ions
to one Hy molecule. The reason that two different electrochemical half-cell
reactions can occur on the same metal surface lies in the heterogeneous
nature of a metal surface. Polycrystalline metal surfaces contain an array of
site energies due to the existence of various crystal faces (i.e. grains) and

grain boundaries”.
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Fig 2.2 Coupled electrochemical reactions occurring at different sites
on the same metal surface
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(1) Electrode Potential

Reaction of each metal in this cell are expressed as follows:

Fe — Fe* + 2e” (Anodic reaction) - - -« - - - = « « - - - - . (2.5)

Cu** + 2e- — Cu (Cathodic reaction) - - - - - = « « « - - . . (2.6)

Overall reaction is summarized as follows:

Fe(s) + Cu*(aq) — Fe?(aq) + Cu(s) =+ - = = = o o o oo - 2.1

Metal Fe release electrons and produce Fe*" ions. On the other hand, at Cu

metal, Cu®* ions are combined with electrons released from Fe metal. These

reactions are called half cell reaction and each potential of two metals is called

half cell potential.

It is expressed relation thermodynamically free energy change

electrochemical potential(E) as follows:

AG : Free energy change
n : The number of exchanged electrons during reaction
F : Faraday’ s constant (96,500 Coulomb/equiv.)

E : Electrochemical potential
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Fig 2.3 Anodic and cathodic reactions between steel and copper in
seawater

Although equilibrium potential in each half-cell metal can be obtained, the
absolute value of the equilibrium potential of each electrode cannot be
measured. Each electrode has a higher or lower potential based on an
electrolyte solution, but it is not possible to measure the difference with that
electrolyte. This is because it is always necessary to contact with wires from
the measuring device in order to measure the potential difference. Another
electrode is made when the wires are in contact with the solution, and
there is a potential difference between the electrodes and electrolyte.
Therefore, measured potential is always the difference between the two
electrodes. Consequently, reference electrodes, which can be a common
potential reference, are used to measure and display potential. When H,
gas is at 1 atm pressure and unit activity H" is at 1, This electrode is
called Standard Hydrogen Electrode (SHE).
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Fig 2.4 indicates that a platinum foil specimen is suspended in a sulfuric
acid solution of unit activity H*, which is bubbled with purified hydrogen to
remove dissolved oxygen and establish the standard state for H, gas at 1
atm pressure. The hydrogen electrode is connected to another half-cell
through a solution bridge which contains a porous glass barrier to permit
charge transfer and potential measurement but not mass transfer of the acid
solution in the electrode®. The Standard Hydrogen Electrode is normally used
for laboratory because it requires careful caution. Except for Standard
Hydrogen Electrode, there are various types of electrodes such as
Copper-copper Sulphate Electrode (CSE), Saturated Calomel Electrode (SCE),
Saturated Silver-silver Chloride ' Electrode (SSCE). Comparison of potential
between standard hydrogen electrode and other standard electrode is

represented in Table 2.1',

When reporting electrochemical potential measurements, it is always
important to indicate which reference half-cell was used to carry out the
work. This information is required to compare these measurements to
similar data that could have been obtained using any other reference
half-cell. The scheme presented in Fig 2.5 provides a graphical
representation to help visualize some of the information between

references which is mainly used®”.
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Fig 2.4 Summary diagram of standard hydrogen electrode

Table 2.1 Potential of reference electrodes compared with SHE

Cu [CUSOU sat. 5Hzo

Type of electrode E(V vs. SHE)
Saturated calomel electrode(SCE) 0.241
Hg [Hg2C12] sat KCl )
1M calomel electrode : Hg (Hg,Cl,) IN KCl 0.280 ~ 0.283
0.1M calomel electrode : Hg (HgsCl,) 0.1IN KClI 0.333
Mercurous sulfate electrode : Hg (Hg:SO,) 0.615
Hg»S04(aq) ’
Silver/Silver chloride electrode : (SSCE) 0.992
Ag (AgCl) HCI (aq) '
Mercuric oxide electrode : Hg (HgO] KOH(aq) 0.098
Cupper/copper sulphate electrode (SCE) 0.316

_'IO_
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Fig 2.5 Graphical scheme to compare potentials of the most commonly
used reference electrodes
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(2) Corrosion Potential

The potential of a corroding metal, often termed E.°”. The surface of
the metal being corroded is not all the same potential, but a compound
electrode of several different potentials, and its potential is their mixed
potential. Moreover, since local currents are occurring between the
different parts of the potential, the potential is polarized beyond the value
of the absence of the current. So, the observed electrode potential, which
is natural potential, is also influenced by the metal side and environment
and change as time go by. In the perspective of time, although it seems to
reach a certain regular value, it is in dynamic equilibrium state in reality.
So, they are changing sensitively. However, since value of potential in this
state is important information in order to acknowledge corrosion process, it
is distinguished with standard potential by naming corrosion potential®.
When a metal such as zinc is corroding in acid solution, anodic and
cathodic half-cell reaction is occurred on the surface of zinc

simultaneously. This reaction process is expressed as follows?".

Each of half-cell electrode potential and exchange current density is shown
in Fig 2.6. However, two half-cell electrode potentials, e, ... and e,
cannot exist respectively on the surface. It is polarized or changed at
corrosion potential that is a medium value of each electrode potential.
Corrosion potential is called mixed potential during combining or mixing

half-cell electrode potential about equation 2.9 and 2.10.

_12_
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Half-cell electrode potential polarized at the same surface changes until

having a common value at corrosion potential (see Fig 2.7).

n, = ﬁalogii ........................ (2'11)
0, = Bclog% ........................ 2.12)

The speed of the positive reaction equation 2.11 and the negative reaction
equation 2.12 at the corrosion potential is the equal. The positive dissolution

speed (i), as shown in Fig 2.7, corresponds to the corrosion rate (icorr) a term

of current density at the corrosion potential®”.

_13_
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Fig 2.7 Polarization of half-cell of zinc in the acid solution
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The potential of a corroding metal is readily measured by determining the
voltage difference between a metal immersed in a given environment and
an appropriate reference electrode. Fig 2.8 illustrates an experimental
technique for measuring the corrosion potential of a metal using a laboratory
cell. This is accomplished by measuring the voltage difference between the
reference electrode and the metal using a high impedance voltmeter capable
to accurately measure small voltages without drawing any appreciable
current. In measuring and reporting corrosion potentials, it is necessary to
indicate the magnitude of the voltage and its sign. In the example shown in
Fig 2.8, the corrosion potential of metal M is -0.405V. The minus sign
indicates that the metal is negative with respect to the reference

electrode®.

Reference
Electrode

Corroding
metal

Fig 2.8 Experimental set-up to measure the corrosion potential of a
specimen

_15_
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(3) Polarization

When artificially changing the energy state of an electrode in equilibrium,
the potential change is called polarization, and variation of potential is called
overvoltage. Corrosion potential is that anode and cathode current indicate
the same value, but at the polarization potential, there is difference in the
magnitude of the positive current (i,) and negative current (i) because of
artificially supplied current. In other words, polarization potential is a
condition in which it artificially changes the energy of metal by supplying

electric current from outside.

Polarization is expressed as follows:

E : Electrode potential with current flow

E,: Electrode potential without current flow (=Corrosion potential)

We should consider the following anodic reaction to understand anodic

polarization.
Fe — Fe? + 2e - - « « « « « o oo (2.14)

Suppose that the oxidation of Fe atoms to Fe®* ions is slow. Then electrons
exit the electrode faster than Fe atoms leave the metal matrix, as
illustrated in Fig 2.9. This means that the electron concentration is

decreased at the metal side of the interface. The electrode potential £ thus

_16_
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becomes more positive due to activation polarization. Also, suppose next that the
products of the anodic reaction, i.e., Fe*" ions, are slow to diffuse away from
the metal surface (see Fig 2.9)”. Then the surface becomes more positively
charged due to the accumulation of Fe* ions. The electrode potential £ again
becomes more positive, but this time due to concentration polarization®”.

2e” de-

A

\ e
i LY

\ \ /

] d 2+
*.//J\ E& A Fe \;
() — —
e q\ Fesr >

S A

Metal Solution Metal Solution
Anodic polarization (Activation) Anodic polarization (Concentration)

Fig 2.9 Schematic representation of anodic polarization for an anode
To understand cathodic polarization, we should consider the hydrogen

evolution reaction occurring at a metal surface. First, hydrogen atoms

are produced by the reduction reaction.

followed by their combination:

Hoge + Hags = Ha  © « =+« « + o v v v v oo (2.16)
OH" + 267 = 2Hags - - -+ -+ ¢ o e e e e (2.17)
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The process of activation polarization involves a slow step in the electrode
reaction. Suppose that electrons are supplied to the metal electrode faster
than they can react to form H atoms (see Fig 2.10)”. Then the
concentration of electrons is increased at the metal side of the interface.
The result is that the electrode potential £ becomes more negative, due to

activation polarization.

Suppose instead that there are concentration effects near the electrode
surface for the hydrogen reduction reaction. If reactant hydrogen ions
H*" are slow to diffuse to the electrode surface (see Fig 2.10), then
electrons again could accumulate at the metal side of the interface. The
result is that the electrode potential £ again becomes more negative, but

this time due to concentration polarization®”.

Metal | Solution Metal | Solution
€ — H* 5 +
e A~ H
€ \> i ) e \) H \) h
\"\._./’ H+ \, g aff
. T\ T ,>I~_I<\)—>J\\ B
\ /N i i Nt
e \ H ] o e %_) S
N T
¢ ¥ iy \ L ) N
\ \»,__> %\4)( Hg J
\\,_/ 1
Cathodic polarization (Activation) Cathodic polanization (Concentration)

Fig 2.10 Schematic representation of cathodic polarization for a cathode
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Fig 2.11 graphically illustrates relationship for the anodic reaction, which
is the oxidation of iron atoms to soluble, ferrous ions. The activation
polarization curve for this anodic reaction is a straight line extending from
the lower left to the upper right. The slope of the line is given by the
anodic Tafel slope, A, Fig 2.11 shows that a unit increase in the
overpotential, £, results in an order of magnitude increase in the reaction
rate. As the oxidizing potential becomes more positive, the rate of the
corrosion or oxidation of iron increases, that is, the anodic overpotential
increases. Ferrous ions are generated more rapidly, and more electrons

are left at the metal surface®.

The activation polarization curve for the cathodic reaction of hydrogen
ions to form hydrogen gas is shown in Fig 2.12. The slope of the line is
the cathodic Tafel slope, A. The reduction reaction increases as the
oxidizing conditions become more reducing or the overpotential becomes
more negative. As the potential becomes more reducing by a unit value,
the rate of the reduction reaction increases by an order of magnitude. As
the conditions become more reducing, hydrogen ions and electrons are
consumed more rapidly at the metal surface and more hydrogen gas is

generated.

It is important to note that the anodic current, i,, is the rate of
generation of electrons and that cathodic current, i, is the rate of
consumption of electrons. In an operating electrochemical cell, oxidation
current leaves the metal surface at the anode, and a cathodic current

enters the metal surfaces at the cathode®.

_19_
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Fig 2.11 Activation polarization curve for the anodic reaction of iron
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Fig 2.12 Activation polarization curve for the cathodic reaction of

hydrogen ions and hydrogen gas
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The anodic reaction and the cathodic reaction are combined on a single
diagram in Fig 2.13. The requirements of mixed-potential theory are met at
only a single point, that is, the point where the anodic and cathodic reaction
curves cross. This is the only location at which the anodic reaction rate
equals the cathodic reaction rate. The potential of this intersection is

identified as Ecr, and the current at this intersection is defined as icor.

At potentials more positive or more oxidizing than the corrosion potential,
the anodic current is greater than the cathodic current, and more electrons
are generated than are consumed. At potentials more negative or more
reducing than the corrosion potential, the cathodic current is greater than
the anodic current, and more electrons are consumed than are generated.
A steady state of no net consumption or generation of electrons is
achieved only at the corrosion potential. In order to maintain a system
away from the corrosion potential (Ecor), current must be supplied from an
external source or other reactions. The slopes B, and p. are determined

by the properties of both the metal surface and the electrolyte®.

(+) A
Combined reactions
at steady state :
lanocdic ~ leathodic
E Eeor N
Anodic Cathodic
(_) E ]'COIT

Log i

Fig 2.13 Combined diagram of an anodic reaction and a cathodic
reaction with activation polarization
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2.1.2 Corrosion control in seawater

It seems perplexing that our planet is called “Earth” when 70.8% of its
surface is covered by oceans. One of the most obvious differences is that
seawater contains dissolved substances. These dissolved substances are not
simply sodium chloride (table salt) - they include various other salts, metals,

and dissolved gas.

The salinity of seawater is typically about 3.5%. It means that it also
contains 96.5 % pure water. Fig 2.14 and Table 2.2 show that the elements
such as chlorine, sodium, sulfur (as the sulfate ion), magnesium, calcium, and

potassium account for over 99 % the dissolved solids in seawater®.

1 kilogram of seawater

Other R S A ) W\

components < ¥ )
(zalinity) 34.8 g

Other
025 @

Potsssium (K} a
038 g ’ Megnesmm. (Mg )
celctm (Ca™) LR R

040 g

Fig 2.14 Major dissolved components in seawater
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Table 2.2 Selected dissolved materials in 3.5 % seawater

Major constituents (in parts per thousand)
Constituent Concentration (%) Ratio of constituent /
total salts (%)
Chloride (CI") 19.2 55.04
Sodium (Na") 10.6 30.61
Sulfate (SO;) 2.7 7.68
Magnesium (Mg*") 1.3 3.69
Calcium (Ca*) 0.40 1.16
Potassium (K*) 0.38 1.10
Total 34.58 %o 99.28 %

The seawater of 3.5% salinity contains from 6 to 9ppm of dissolved
oxygen in the temperature range between 0 and 30 C. If the temperature
of seawater increase to 60 C, concentration of dissolved oxygen decrease to
3ppm approximately. Specific resistance of seawater is 100 to 200 times
less than that of fresh water. Although there is a little change by

temperature, it varies in 20 to 30 Q-ecm range (see Table 2.3).
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Fig 2.15 demonstrate states of specific resistance according to temperature
and salinity of seawater. Range which is described as spotted line indicates
range of general seawater condition. Seawater has a tendency to exist in

alkalinity environment and range of pH is normally 8.1 to 8.3%1°,

180
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Resistivity (£3* m)

=
[g]
e

0.00 : ; . : -’ . - . ;
5 10 15 30 25 30 36 40 45 5O

Salinity (g/L)

Fig 2.15 Graph for calculation of seawater resistivity as a function
of salinity and temperature

Table 2.3 Electric resistance of seawater with temperature

Temperature
(*C)
Conductivity

[*10-3Q/cm 37.4 42.2 47.1 52.1

(S/cm)]
Specific

resistance 26.8 23.7 21.2 19.2
(Q-cm)

10 15 20 25

_24_

Collection @ kmou



Because of these characteristics of seawater, seawater is known as the
most aggressive agent to steel among all natural environments. Compared to
fresh water, seawater is more corrosive atmosphere. That’s because
seawater containing chloride is electrolyte that easily provoke corrosion and
such various factors as temperature, pH, contamination of water, velocity
have an effect on corrosion additionally. For instance, although aluminium,
chrome and stainless steel is the metal which is great stability by forming
passivity in shore or fresh water, harsh corrosion derived from devastation

of passivity is occurred on metal surface due to the effect of chlorine ion'”.

Generally, there are a number of method to prevent corrosion; development of
materials that have a resistivity, isolating metal surface with external environment
by coating, and anodic & cathodic protection. Among them, cathodic protection
that is one of the methods to prevent corrosion of structures exposed to marine
environments is known as the most cost-efficient and effective device”. Cathodic
protection is an electrochemical method of corrosion prevention which could
change potential of metallic structure which is to be protected to immunity region
of the Pourbaix diagram described in Fig 2.16'” by acting cathodic polarization in
conjunction with either the supplying of external power source or the attaching of
sacrificial anode. Generally, it is applied to such environments as buried pipe,
marine atmosphere (pipe, ship’ s hull, marine structure, and submerged structure)
and concrete structure. Method of cathodic protection is mainly used to ICCP
(Impressed Current Cathodic Protection System) and SACP (Sacrificial Anode
Cathodic Protection System). Cathodic protection by sacrificial anodes is
obtained with any metal, provided its working potential is less noble than the
protection potential of the metal to protect. In the ICCP system, current is
provided by DC feeder through an anode which is able to apply current to the

environment. Table 2.4* compares the pros and cons of both methods.
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Fig 2.16 Pourbaix diagram of iron in seawater

Table 2.4 Comparison of the pros and cons for ICCP and SACP

ICCP

SACP

Advantages

Output control
Long life
Automatic monitoring

= W

Application in both soil and marine
environments

1.
2. Easy to install

3. Unnecessariness of power supplier
4.

5. Suitable for low resistivity region

Almost no required maintenance

Cost effective

Disadvantages

1. Power supply problem

2. Partial failure affects the whole
system

3. Interference problem due to stray
current

4. Expertise requirement to install
and use

5. A lot of maintenance cost

-

Collection @

Periodic replacement of anode due
to its limited lifetime

. Difficulty to apply in high-resistivity

region
Formation of passivity in high
alkaline environment
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(1) ICCP (Impressed Current Cathodic Protection)

Alternative currents converted into direct power source at rectifier
supply cathodic protection current to structure to be protected by insoluble
anode. For cathodic protection of steel in seawater, metallic alloy such as
Titanium (Ti), Lead (Pb), Niobium (Nb) have been used. Typical polarization
curve of ICCP is shown in Fig 2.17*Y. That is, corrosion proceed by
forming corrosion potential (Ec,;y) and corrosion current density (icorr) at point
C in polarization curve due to polarization occurred by oxygen-reduction
reaction at anode and cathode. If a power source apply external current
through rectifier and insoluble anode for cathodic protection, Anodic
polarization moves from C to B passing by B’ and increase current by
cathodic polarization. At this time, external current which is amount of
io—iy= A4 flows at B’ C’ potential. When approaching BD potential,
external current which is amount of i, —iy = AI' is applied from external

power source and corrosion rate of structure is minimized.

(2) SACP (Sacrificial Anode Cathodic Protection)

SACP is a method that structure exposed to corrosive environment is
protected by connecting with the anodic metal which have lower
potential than protected structure. Consequently, structure exposed to
corrosive environment is protected while anodic metal is corroding. At
this time, cathodic protection current applied from sacrificial anode flow
like arrow described in Fig 2.18. The materials of sacrificial anode are
typically three metals (Zn, Al, Mg Alloy), and Zn and Al are used for
cathodic protection in seawater. In terms of amount of electricity and

economical aspects, Al alloy is preferred to the other alloys®V.
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Fig 2.18 Typical polarization curve of SACP
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2.1.3 Review of previous study on corrosion control in seawater pipe

In the marine industry, carbon steel pipes have been normally used for
cooling pipes. By the way, accident of leak is occurred unexpectedly and
frequently due to corrosion in welded area of cooling pipes and the
defect areas inside of pipe. Nevertheless, in case of corrosion in the
pipe, there is method such as coating on inner surface of pipe. However,
this method have a shortcoming when coated surface is cracked. Hence,
cathodic protection using external power source in the pipe has been
investigated by a number of authors. The primary objective of these
experiments was to determine both the feasibility and the performance of

ICCP in practical field adopting to the seawater pipe.

Jeong, et al,'” conducted electrochemical polarization experiment of
carbon steel which is material of piping system. Through this study,
authors tried to find out ideal cathodic protection condition for preventing
corrosion occurring in seawater pipe. In seawater environment with flow,
limiting diffusion current density of approximately 7 to 20 mA/cm? was
observed, and ideal cathodic protection potential was in range from -
1,300 to -1,200mV/SSCE (see Fig 2.19). As a result of galvanostatic
cathodic polarization, the higher cathodic protection current applied, the lower
cathodic protection potential maintained. Furthermore, to achieve cathodic
protection in range of ideal cathodic protection potential, authors came to the
conclusion that current density of 2 to 5mA/cm? was generally needed to

protect seawater pipe without flow rate (see Fig 2.20).
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Fig 2.19 Cathodic polarization results of specimen in seawater
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Fig 2.20 Galvanostatic polarization results of specimen in seawater
without agitation
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Jeong, et al.,'® experimentally studied on the characteristic of cathodic
protection by adopting external power supply to prevent the inner surface
of pipe from corrosion. There was a tendency that the higher cathodic
protection current applied, both the longer approaching distance of
cathodic protection current and the lower cathodic protection potential. At
this time, approaching distance of cathodic protection current was confined
to 60 cm approximately. That is, to resolve a problem, corrosion of the
inner surface of pipe, authors concluded that rod type anodes should be
installed at intervals of up to 60cm or ribbon type anodes should be
placed along the pipe to be protected (see Fig 2.21). In addition, in the
event of corrosion in pipe including galvanic corrosion, authors concluded
that galvanic corrosion could be settled with cathodic protection by
maintaining cathodic protection potential below -900 mV/SSCE (see Fig
2.22).
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2.2 Biofouling

2.2.1 Background theory

Marine structures continually exposed to marine environments and facilities
such as pipe for the sake of seawater cooling system are the best place to
accumulate and grow marine organisms in a fast and easy manner owing to
feeding both dissolved oxygen and prey for marine organisms ceaselessly. The
phenomenon that artificial surface is contaminated by growth and adhesion of
marine organisms is called biofouling. Representatively, biofouling is divided into
macro-biofouling and micro-biofouling by size of species which compose of each
fouling. Marine organisms causing biofouling are effortlessly adsorbed to any
surface such as intake of cooling water for energy plant, condenser tube, surface
of heat exchanger. Each marine organism have peculiarities according to various

factors : habitat, season, the way to adhere to surface.

The organisms which take part in marine biofouling are primarily the attached or
sessile forms occurring naturally in the shallower water along the coast. “Marine
Fouling and its Prevention” reported that nearly 2000 species had been identified
on fouled structures and later increased the number to more than 4000 species.
Nevertheless, it still includes a very small proportion of the known marine species?.
More than 4000 kinds of marine biofouling species have been reported globally, most
of which live primarily in the shallower water along the coast and in harbors that
provide abundant nutrients. In general, marine adhesion organisms can be divided
into two major categories. The first of these includes the micro-biofouling or biofilm
organisms, which are bacteria and diatoms. Biofilms are ubiquitous, as long as the
surfaces are exposed to water. The other category includes macro-fouling organisms
such as algae and barnacles. The most important macro-fouling species are barnacles,

mussels, polychaete worms, bryozoans and seaweed?”.
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Marine biofouling can be defined as the undesirable accumulation of
microorganisms, algae and animals on artificial surfaces immersed in seawater. The
fouling process starts from the moment when the surface is immersed in water and
takes place in three main stages: formation of a conditioning film, micro-fouling and
macro-fouling. The conditioning film, comprised of organic molecules (e.g. proteins)
attached to the surface, forms within the first minutes and sets the scene for further
attachments. In the next hours bacteria settle in, in two phases : first, by an
instantaneous and reversible attachment via hydrodynamic and electrostatic interactions
and second, via an irreversible attachment which occurs in the time scale of a few
hours and involves covalent bonding between the bacteria and the substrate. The
combination of the conditioning film and the slime of living and dead bacteria
cells generates the first stage of micro-fouling, so called the primary film.
Furthermore, diatoms colonies, macro-algae and protozoa spores settlement increases
the micro-biofouling extent within the first 2-3 weeks, originating the secondary film.
Finally, this micro-fouling stimulates the settlement of algae, spores and animal larvae,
followed by the attachment of an adult marine organism, which is called macro-fouling.
Biofouling in marine environments Is therefore, a relatively fast, dynamic and
cumulative process which spans over several sizes and time scales and constitutes a
complex problem with several forefronts. Fig 2.23 indicates the formation of biofouling
as evolving time and phase pass by”?. The process of biofouling occurs by both
physical reactions and biochemical reactions as illustrated in Fig 2.24. The physical
reactions are governed by factors such as electrostatic interaction and water flow,
leading to formation of the conditioning biofilm and adsorption of microorganisms.
The biochemical reactions include EPS (Extracellular polymeric substances) secretion,
movement and secondary adhesion of microorganisms, formation of the biofilm, and
adhesion of macro-foulers. Whereas the physical reactions are usually reversible,

the biochemical reactions are effectively irreversible?”.
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Fig 2.23 Different phases of marine biofouling: Time-line evolution
and respective roughness increase
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Step 2-3 : Secondary adhesion
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Fig 2.24 Biofouling process and the formation of biofilm
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2.2.2 Biofouling control

A Dbiofouling control system is defined as a coating, paint, surface
treatment, or device that is used on a ship or marine structure to
control or prevent attachment of unwanted organisms. The technologies
can be subdivided into those based on the application of a coating, and
those which do not. Fig 2.25 summarize many kinds of means to

conduct anti-fouling®.

In the midst of methods indicated in Fig 2.25, the most economical and
wide method is utilizing chlorine. Chlorine is the material used broadly in
the water treatment industry and excel in preventing contamination like
fouling by suppressing growth of micro-organisms, viruses and bacteria
sticked to surface. In case of using chlorine of liquid or gas, however,
there are problems such as storage, transportation, and utilizing. To cope
with these problems, it is to generate chlorine by electrolysis of
seawater. Chlorine gas made by electrolysis of seawater is directly
dissolved into seawater, becoming itself chlorination phase. Hence, it is
not necessary procedures such as transportation and storage. Thus, due
to being able to avoid problems which are mentioned earlier, method to
use chlorine made electrochemically by electrolysis of seawater is safe

and economical alternative to control and prevent biofouling®#2%27,
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(1) Characteristic of hypochlorous acid (HCIO)

Hypochlorous acid (HCIO) is a weak acid and a kind of antiseptic
produced by the reaction of chlorine ion with water. Also, HCIO produced
by chlorine reacts with water dissolves in the form of hypochlorite
(pK,=7.537 at 25 <) according to the formula below. The response

generation equation is shown in equation 2.18%.

Cly + HoO — HOCL + H* + CI” -+« « « = o oo oo (2.18)
HOCI — H' + OCIT = - « = « « « + v oo e o (2.19)

Seawater or other water containing CI" may be used to generate a
disinfecting solution containing ~chlorine by passing a direct electrical
current through the solution®”. The main reactions of seawater electrolysis

at anode and cathode are shown in Fig 2.26.

Anode:

2CI = Cly + 287 - - -+« - - e (2.20)
Cl, + HHO — HCIO + CI" + H" - - - - - - -« s 2.2D
HOCl PARN I_I+ + OCl‘ ...................... (222)
Cathode:

2H,O + 2™ — Hy + 20H™ -« - - -« o o - (2.23)
ClO" + HO + 267 = CI" + 20H™ « « « = = = v oo e (2.20)
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Chlorine gas produced at anode fabricate HCIO that act as disinfection
by combining with water. Distribution of HCIO, chlorine gas and
hypochlorite ion for each pH level is shown in Fig 2.27. At a pH of 6.5,
HCIO concentration is greater than 90 %, and OCI” is less than 10 %.
For hypochlorite, pH 6 or higher dissolves and forms hypochlorite ions.
At a pH of 4.5, HCIO concentration and Chlorine gas is 50 %
respectively, and if pH increase, HCIO concentration increase and
chlorine concentration gas decrease. At a pH of 7.5, HCIO and OCI
concentration is 50 % respectively, the amount of hypochlorite ion is
directly proportional to pH, but HCIO decrease. The oxidizing power of
HCIO is roughly 40 to 50 times stronger than that of hypochlorite
ions, and HCIO penetrates biological membrane layer and effectively
kills microorganisms. Through this process, microorganisms are either
killed or stunted. So, it is important to keep HCIO concentration as
high as possible for effective disinfection. Fig 2.27 shows that range of
pH 6-7 is the optimal pH condition as it is high in HCIO concentration,
which is highly sterile, and has a low chlorine concentration that can

cause corrosion®”,
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Fig 2.26 Principle of hypochlorous acid generation
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Fig 2.27 Graph of available chlorine present as HCIO of varying with
pH value
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(2) Measuring method of hypochlorous acid

Measuring method for HCIO concentration is represented in Table 2.5,
and the results of investigation about measuring method is represented in
Table 2.6. The evaluation results of measuring method to free chlorine is
shown in Table 2.7. These results are written by expert in AWWA (The
American Water Works Association). According to the results, DPD (N,N’
-diethyl-p-phenylenediamine) colorimeter is the most ideal way to measure
free available chlorine. DPD colorimeter is used for measuring total residual
chlorine, and Pocket Colorimeter made by Hach is mostly used in these days.

Pocket colorimeter and test kit is described in Fig 2.28%

Table 2.5 Characteristic according to free and total chlorine measurement method

Method Characteristic
- Analysis method for measuring color under neutral pH
DPD Colormetric - Method for measuring both free available chlorine and total
chlorine

- Similar in principle to DPD Colormetric
DPD Titration - Free available chlorine measurement is difficult and

inaccurate because of proper time

- Accurate analysis is impossible under 1 mg/L of
. . . concentration

lodometric Titration , L , ,
- Must be carried out within 1 hour using standard reducing

agent for accurate analysis

- Electrochemical analysis method by supplying current to two
. . . electrodes

Amperometric Titration . L , ,
- Requires specialized skills and can be applied at

concentrations greater than 1 mg/L

- It is difficult to analyze under 0.1 mg/L of sample
FACTS

concentration
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Table 2.6 Comparison of common analytical methods for free and total chlorine

in water
) Estimated .
Analysis D) » L Skill
Method DL Precision Application 9
Range (mg/L) Level
(%)
DPD Colormetric 0~5 0.005 1~2 % Free & Total 1
DPD Titration 0~3 0.018 2~T % Free & Total 2
) Not Total
Idometric up to 4 1 , 2
reported Oxidants
Amperometric
L up to 10 0.0012 1~2 % 3
Titration Free & Total
forward back 0.006~1.00 0.0051 24'% 3
FACTS 0~10 0.1 10 % Free 1

1 * : Minimum or Estimated Detection Level

2) 1 : minimal training, 2 : moderately skilled with method, 3 : experienced.

Table 2.7 Ratings of common chlorine analytical methods vs. the ideal method

AWWA DPD DFD Amperometric | Amperometric
Quality . L Idometric Titration Titration FACTS
Colormetric | Titration
Concept forward back
Specificity 7 5 2 6 2 8
Selectivity 7 7 4 5 6 7
Accuracy 8 7 5 7 6 5
No dilution
. 7 8 6 8 8 8
required
Can automate 9 3 3 2 2 4
No special
. 9 8 8 2 1 8
skill
Fast
8 5 5 3 2 6
procedure
Cost effective 9 7 6 4 3 6

1 = does no meet quality concept

10 = meets quality concepts fully
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Fig 2.28 Pocket colorimeter and Test kit

In electrolysis of seawater, it should be noted that the concentration of
residual chlorine changes due to a variety of factors, such as the time of
electrolysis reaction, the amount of current, pH, temperature, various
organisms presented in seawater and organic matter. It is required to clean
sample cell before placing the specimen in the sample cell before measuring
the total residual chlorine concentration. While these DPD methods take longer
time to pretreat and analyze samples, the electrochemical amperometry is
simpler and faster to measure. Particularly, with the need for real-time
monitoring measuring equipment, the current method was studied.
Electrode sensors, which measure common residual chlorine, are the ideal
method for real-time monitoring because these are easy to maintain and
are not subject to small changes in chlorine concentration, sample pH,
temperature, flow or pressure. However, the electrode method should be
equipped with sample lines for collecting samples in real time. In addition,
it should also be taken to manage and protect electrodes and equipment
because electrodes are installed in environments that are highly humid and

corrosive.
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2.2.3 Review of previous study on biofouling control by electrochlorination

It is very attractive method that HCIO which is produced through
electrolysis of seawater could inhibit growth of marine organisms. That is
because this method is more effectvie and safe than existing method. The
principal objective of these studies is to evaluate disinfection effect of HCIO

made by electrochlorination and suppression of marine organisms.

Yang, et al,'® conducted an experiment about disinfection effect by
electrolysis. Authors tried to confirm disinfection effect by performing both
anodic reaction and cathodic reaction in different solutions: tap water, 3% NaCl
solution, natural seawater. In case of tap water, 5 minutes after anodic reaction,
viruses on the shale were observed. Conversely, in both 3% NaCl solution and
natural seawater, no virus on the shale was observed (see Fig 2.29). From these
results, authors confirmed that HCIO made by electrolysis of solution containing

salt could be an attractive antiseptic.

Tap water

3% NaCl

Sea water

0 min. i 10 min_

Fig 2.29 The results of pathogen culture for each solution
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Muhammad Saleem'” searched how much HCIO produced by electrochlorination
have impacts on either bacteria or protozoa. It affected viruses and
fungi as well as bacteria (see Table 2.8). Moreover, in 1 mg/L of residual
chlorination concentration, authors figured out that it also influenced with

protozoa (see Table 2.9).

Table 2.8 Effect of chlorination on inactivating selected bacteria

Cl2 Contact .
) ) Temp . Reduction
Bacteria Residual pH Time
() , (%)
(mg/L) (min.)
Campylobacter jejuni 0.1 25 8.0 5 99.99
Escherichia coli 0.2 25 7.0 15 99.99
Legionella pneumophila 0.25 21 | 7.6-8.0 | 60-90 99
Mycobacterium chelonei 0.7 25 7.0 60 99.95
Mycobacterium fortuitum 1.0 20 7.0 30 994
Mycobacterium intracellulare 0.15 25 7.0 60 70
Pasteurella tularensis 0.5-1.0 10 7.0 5 99.6-100
Salmonella Typhi 0.5 20 7.0 6 99
Shigella dysenteriae 0.05 20-29 7.0 10 99.6-100
Staphylococcus aureus 0.8 25 7.2 0.5 100
Vibrio cholerae (smooth strain) 1.0 20 7.0 <1 100

Table 2.9 Effect of chlorination on inactivating selected protozoa

CI2 Contact )
. Temp . Reduction
Protozoa Residual pH Time
() . (%)
(mg/L) (min.)
Cryptosporidium parvum 80 25 7.0 90 90
Entamoeba histolytica 1.0 22-25 7.0 50 100
Giardia lamblia 1.5 25 6.0-8.0 10 100
Naegleria fowleri 0.5-1.0 25 7.3-7.4 60 99.99
- 45 -
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Jagadish S. Patil, et al.,'® figured out antifouling efficiency of commonly
available chlorine at different concentrations (0.5%, 1% and 2 %) and
exposure time (0.5 min, 1min, 5min and 15min). After chlorination, it
observed that growth of diatoms from the mono-species and multiple
species were inhibited and that in case of Navicula, Amphora and natural
biofilms, the decline in cell densities was 67 %, 64 % and 40 % respectively
(see Fig 2.30). In addition, the results of the chlorophyll analysis of
control and chlorine-treated biofilms figured out that chlorine at all
concentration and exposure time resulted in a considerable reduction in
the biofilm chlorophyll concentrations as compared to non chlorine-treated
biofilms. When compared to  the respective controls only 1-8% of
chlorophyll was exist in the chlorine-treated mono-species biofilms
(Navicula and Amphora) whereas it was 2-6 % in the natural biofilms (see
Fig 2.31). These results indicated that this method could be regarded as

the way of disinfection to inhibit evolution of biofilms.
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Fig 2.30 Effect of chlorine concentration and exposure time on
the growth of mono-species (Amphora and Navicula)
and natural biofilms
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Fig 2.31 Effect of chlorine concentration and exposure time on
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Henk A. Jenner, et al,'® figured out effectiveness of residual chlorine to
marine species. In the case of the bacteria slime, it turned out that only
concentration of residual chlorine at 0.1 mg/L enables bacteria slime to become
extinct. Also, roughly 95% of Zebra Mussels were eliminated at concentration
of residual chlorine at 0.5 mg/L. However, at low temperature which is 0 to 4

C, effects were only partially identified (see Table 2.10).
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Table 2.10 Mortality of adult and juvenile zebra mussels exposed to continuous
low-level chlorination

) " Exposure time : t (days)
Experimental conditions TRC (mg/L) .
Mortality rate ; M (%)

Thames River, Adults
T= 10C 0.5 t=7d M=5%
T= 10C 2.0 t=7d M=20%
T= 10T 5.0 t=7d M=40%
T= 21C 0.25 t=7d M=40%
T= 21T 0.5 t=7d M=70%
T= 21T 2.0 t=7d M =100 %
Meuse river, Adults 0.3 toddd M=0%
T = 145C 1.1 t=41d M=65%

15 t=3d M=83%
The Netherlands 0.25 t=21d M=9 %
Adults 0.5 t=16d M=93%
T=12t 15 C 1.0 t=14d M=9 %
Niagara river. Adults
T =9.0to 150 C 0.2 t=27d M=50%
T =9.0to 150 C 0.5 t=27d M=50-70 %
T =9.0to 150 C 10 t=27d M=100 %
T =18.0 to 21 C 0.5 t=9d M=100%
Shell length : 10-15 mm
T=12t 15T 0.5 t=17d M =93 %
T=121t0 15 C 1.0 t=15d M=9 %
T =17 to 27 C 0.5 t=9d M=100%
T =17 to 27 C 0.9 t=5d M=100%
T =17 to 27 C 3.0 t=6d M=100%
Shell length : 14-16 mm
T=72t0 175 C 0.32 t=54d M=50%
T=72t 175 C 0.62 t=32d M=50%
T =481t0 95T 1.74 t=17d M=50%
T =481t 95T 4.3 t=25d M=50%
T =481t0 95T 9.02 t=20d M=50%
Shell length : 2-6 mm
T =20to22C 0.5 t=20d M=7%
T =20 to 22 C 1.0 t=13d M=100 %
T =20to22C 2.5 t=9d M=100%
T =20to 22 C 5.0 t=7d M=100%
Shell length : 2-5 mm
T=8t12<C 1.0 t=28d M=70%
T =10 to 11.5 C 0.6 = 0.2 t=15d M=40%
T =215t 24 C 0.6 = 0.2 t=8d M=100 %
Shell length : 0.75-2.0 mm
T=8t12C 1.0 t=25d M=100 %
Lake Erie. Adults
T=0to4 T 0.3 to 0.5 t=27d M=30%
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2.3 Technology to control corrosion and biofouling

2.3.1 Current technology to control corrosion and biofouling

A cathodic protection device, ICCP (Impressed Current Cathodic
Protection), has been wused to protect the outer surface of
structures such as ships and marine structures from corrosion (see
Fig 2.32). However, this device can protect only the outer surface,
not the inner surface. Therefore, available devices cannot effectively
protect the inner surface of the seawater pipes from corrosion. In
addition, the coating technology has been used for protect the inner
and outer surface from corrosion; however, coating could crack and
thus become unable to reduce corrosion rate or prevent degradation

of surfaces during their exposure to corrosive environment.

AC 440V, BOMT, IPH

”, .
HULL, 4 i DIEVECTRIC COATING

-’ (R DOUBLER PLATE
PROTECTIVE CURRENT

Fig 2.32 Principle of ICCP for ship’ s hull corrosion protection

_50_

Collection @ kmou



MGPS (Marine Growth Preventing System) that dissolves copper
anodes and electrolyzes seawater to suppress marine organisms
has been used as a marine growth suppressing device for ships
(see Fig 2.33). Previous equipment, which dissolves copper anodes,
is not suitable for the facilities such as, LNGC (Liquified Natural Gas
Carrier), power plants, and ocean offshore plants, which use coolants
in large quantities. In comparison, even though HCIO sprays have an
outstanding effect on contamination in large area, corrosion can
occur on the cooling piping system whenever the HCIO
concentration increases. Therefore, the available technology cannot
effectively prevent the problems caused by corrosion damage and

biofouling in the piping system.

I
ANODES JUNCTION BOX

Fig 2.33 Schematic drawing of the MGPS
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MGPS made by Cathelco is the facility that adjusts and provides direct
current with both MG (Marine Growth: Cu) to suppress marine organisms
and TC(Trap Corrosion: Al to avoid corrosion. However, due to the
increased DC power supply required to completely decimate marine
organisms, the consumption rate of the anode and, accordingly, the cost of
facility management, quickly increase. Furthermore, the effect of the TC
anode installed to prevent galvanic corrosion is insufficient and more and
more pipes get damaged by galvanic corrosion. In the case of the
chlorination facilities, even if marine organisms cannot be become extinct or
are decimated, the high HCIO concentration can affect marine environment,
since the K.C. Ltd chlorination facility, which produces HCIO and injects it
to the seawater intake (see Fig 2.34), simply does not take into
consideration the supply current. Consequently, until now, facilities equipped
with a combined control system that would be able to both prevent the

corrosion of the inner surface of pipes and inhibit biofouling, are still lacking.

MGPS

STRAINER @

= s

Fig 2.34 Schematic piping diagram of the chlorination type MGPS
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2.3.2 Hybrid technology for cathodic protection and electrochlorination

Connecting an insoluble anode to the positive pole of the DC power
unit and a negative pole to the piping to apply cathodic protection
current to the inner surface of pipe prevents corrosion and creates an
environment where marine organisms can hardly grow due to HCIO
produced by cathodic protection current. However, since the novel hybrid
technology is too low HCIO concentration only produced by cathodic
protection current to decimate marine organisms, an additional DC power
unit and the insoluble anode and cathode to electrolyze large quantities
of seawater into the cooling water piping system need to be installed (see
Fig 2.25). The system provides sufficient HCIO concentration for the
entire system by adding HCIO generated by the cathodic protection current
and electrochlorination system while preventing the inner surface of pipe
from corrosion. Novel technology can not only prevent the corrosion of
the inner surface of pipe by measuring the cathodic protection potential
and by applying the cathodic protection current, but also monitor the HCIO

concentration in real time to maintain minimum HCIO concentration.

Hyperchlorination Unit

Condenser

Fig 2.35 Schematic piping diagram of hybrid technology for cathodic
protection and HCIO generation
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Chapter Il
EXPERIMENTAL METHOD

3.1 Test outlines

The test of this study consists of the following four major tasks:

(1) Electrochemical polarization test is to provide a baseline for the investigation
and characterization of different environmental variables, such as temperature,

flow rate, fresh water, and seawater.

(2) Cathodic protection test in the beaker is to verify the effective of cathodic
protection on small carbon steel specimens and the cathodic protection current

density in different solutions and flows.

(3) Cathodic protection test in the cistern is to verify feasibility and effectiveness
of cathodic protection on the inner surface of pipe in different solutions and

flows.

(4) Cathodic protection and electrochlorination test in engine room is to verify
the effectiveness of cathodic protection on the inner surface of pipe and whether
or not hypochlorous acid concentration could be produced and adjusted while

preventing pipe from corrosion.
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3.2 Laboratory tests

3.2.1 Materials and specimens

(1) Materials

The material under study was carbon steel that have been used for piping
system in usual and broad manner. In addition, to verify galvanic corrosion
repercussion by connecting with dissimilar metals, copper alloy was used.

The elemental composition for these specimen is shown in Table 3.1.

Table 3.1 Chemical composition of specimen

Elements
C Si Mn P S Fe
Material
KS D 3507 0.07 0.01 0.4 0.014 0.007 Bal.
Elements
Fe Ni Pb Zn Mn Cu
Material
C70600 1.0~1.8 | 9.0~11.0 | =0.05 <1.0 <1.0 Bal.

(2) Specimens
1 Electrochemical polarization test

General carbon steel normally used for seawater pipe was selected as the research
material. The specimen was processed into rectangular blocks of the following
dimensions length x height x width = 50 x 25 x 5 (in mm). Copper wire was
connected and then coated with insulation tape and glue to seal other parts,
leaving the working surface so that the corrosion surface of the area of 2.25cm?

was exposed to the solution. The appearance of specimen is shown in Fig 3.1.
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Fig 3.1 Photograph and schematic diagram of specimen for
electrochemical polarization test

2) Cathodic protection test in the beaker

General carbon steel normally used for seawater pipe was selected as the
research material. The specimen was processed into rectangular blocks of the
following dimensions length x height x width = 25 x 25 x 5 (in mm). Copper
wire was connected and then coated with insulation tape and glue to seal
other parts, leaving the working surface so that the corrosion surface of the
area of 2.25cm’ was exposed to the solution. The appearance of specimen

is shown in Fig 3.2.

Glue &
Insulation
Tape

Carbon Steel

Fig 3.2 Photograph and schematic diagram of carbon steel specimen
for cathodic protection test in the beaker
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3) Cathodic protection test in the cistern

Specimens that were used for cathodic protection test in the cistern and a
schematic diagram of specimen are shown in Fig 3.3. The kinds of specimens
were as follows : carbon steel, copper alloy and the size of specimens was as
follows: 100mm x 100mm x 5mm. The hole to electrically connect each

specimen was made on the one side of the exposed specimen.

i Exposed Area

230 cm?

100 mm

o

mm

100 mm

Fig 3.3 Photograph and schematic diagram of specimen for cathodic
protection test in the cistern
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3.2.2 Test apparatus

(1) Electrochemical polarization test

A schematic diagram of electrochemical polarization test and the
overall appearance of the test apparatus are shown in Fig 3.4. The
experiments focused on the electrochemical polarization characteristics
according to various factors, such as fresh water, seawater, flow rate
and, temperature were performed. To adjust both the flow rate and the
solution temperature, a hot plate stirrer was used. The silver-silver/chlorine
electrode was used as the standard electrode, and a platinum electrode was
used for the counter electrode. Electrochemical polarization test was

performed by a potentiostat (Gamry Instrument, Reference 600).

Specimen

Platinum Anode

Reference Electrode
(S5CE)

=1

Hotplate Stirrer

(@) ()

Fig 3.4 Test apparatus for electrochemical polarization test, (a): Schematic
diagram, (b): Overall appearance
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(2) Cathodic protection test in the beaker

A schematic diagram and the overall appearance of the test
apparatus for cathodic protection test in the beaker are shown in Fig
3.5. Test apparatus was prepared using a beaker filled with fresh
water and seawater (about 1L). The silver-sliver/chlorine electrode was
used as the standard electrode and the rod type MMO (mixed metal
oxide) anode was used as the anode. By using the multi channel power

supply, we measured potential and applied current in each specimen.

Multi channel Power supply

“u U 'i

Specimen  Reference Kot type MMO
plaan Anoce

Fresh waler Natural Fresh water Natural
Seawater Seawater

(@ ()

Fig 3.5 Test apparatus for cathodic protection in the beaker, (a): Schematic
diagram, (b): Overall appearance
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(3) Cathodic protection test in the cistern

A schematic diagram and the overall appearance of the test
apparatus for cathodic protection test in the cistern are shown in Fig
3.6. The cistern is shown in Fig 3.7. A cistern is a tank with the
basic dimension of 1550 mm x 150 mm and the height of 160 mm.
five holes of 61.6 mm in the diameter were made on the upper part
of tank to expose certain part of specimens to the solution. The size
of this part was 30 cm? After the installation of the specimen with
the same size of holes, two cisterns were connected with a flexible
hose. The auxiliary test apparatus included the rod type MMO anode,
the device to control corrosion, the standard reference electrode, and
device to measure potential (see Fig 3.8). The MMO anode was
installed inside of the tank, and the multi channel power supply was
used for both measuring the potential and applying the cathodic

protection current.

Salt water basin

Clamp

Anode  Specimen

Fig 3.6 Test apparatus for cathodic protection in the cistern, (a): Schematic diagram,
(b): Overall appearance
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Fig 3.8 Auxiliary test apparatus for cathodic protection in the cistern,
(a): Silver-silver/chlorine electrode, (b): Rod type MMO anode
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3.2.3 Procedures

(1) Electrochemical polarization test

Fresh water and seawater were used for the experimental solution.
Fresh water was general tap water, and seawater containing about 3.5 %
of chlorine concentration was taken from the coastal area of the habor
located in Korea Maritime and Ocean University. Experimental
temperature was maintained at 25 and 35°C by putting the beaker
containing the solution on a hot plate. The flow rate was set at 20 %
output (360 RPM) and 50 % output (900 RPM) of the stirrer. Through this
experiment, electrochemical polarization characteristics in specific conditions,
such as temperature, salinity, and flow rate, were observed. Each
environmental condition and symbol is shown in Table 3.2. The experiment
types included anodic polarization, cathodic polarization, polarization resistance,
and potentiostatic polarization. Experimental condition of each test is shown

in Table 3.3.

Table 3.2 Symbol list of electrochemical polarization test according to conditions

Solution | Temperature Flow rate Symbol
Static FW Static 25 C
25C 20 % Stirrer FW 20 % Stir 25 C
Fresh 50 % Stirrer FW 50 % Stir 25 C
water Static FW Static 35 C
35T 20 % Stirrer FW 20 % Stir 35 C
50 % Stirrer FW 50 % Stir 35C
Static SW Static 25 C
25C 20 % Stirrer SW 20 % Stir 25C
Seawater 50 % St.irrer SW 50 % Stir 25C
Static SW Static 35C
35T 20 % Stirrer SW 20 % Stir 35C
50 % Stirrer SW 50 % Stir 35C
- 62 -
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Table 3.3 Experimental set up of electrochemical polarization test

Anodic Polarization

Cathodic Polarization

Initial E (V) vs. Eoc -0.1 Initial E (V) vs. Eoc 0
Final E (V) vs. Eoc 15 Final E (V) vs. Eoc -15
Scan Rate (mV/s) 5 Scan Rate (mV/s) 5
Sample Period (s) 1 Sample Period (s) 1
Sample Area (cm?) 2.25 Sample Area (cm? 2.25
300 Time 300 Time
.. (s) 0.0001 .. (s) 0.0001
Initial Delay A\ Initial Delay -
Stability Stability
(mV/s) (mV/s)
Polarization Resistance Potentiostatic Scan
Initial E (V) vs. Eoc | =0.02 Initial E (V) vs. Eoc 0
Initial Time (s) 10
Final E (V) vs. Eoc 0.02
Final E (V) vs. Eref -1.1
Scan Rate (mV/s) 0.167 Final Time (s) 600
_ Limit I (mA/cm?) 25
Sample Period (s) 1 .
Sample Period (s) 1
Sample Area (cm?) 2.25 Sample Area (cm?) 2.25
) 300
300 TOH;G Time(s)
Initial Delay ®) o Initial Delay 0.001
Stability Stability
(mv/s) (mV/s)
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(2) Cathodic protection test in the beaker

The test was conducted for 7 days. Potential change of specimens that
were put in the solutions was measured, and the surface state of
specimen was inspected. Two specimens were set in corrosion condition.
By contrast, in the other two specimens, cathodic protection current was
applied to maintain the cathodic protection potential at -1,100
mV/SSCE. In addition, to verify the effect of the flow rates, Each
solution was agitated with 20 % output of stirrer. Every 24 hours,
the surface state of the specimen was observed. Experimental set up

for cathodic protection test in beaker is shown in Table 3.4.

Table 3.4 Experimental set up of cathodic protection test in the beaker

Parameter Value
Solution Fresh water / Seawater
Temperature (C) 25
Flow rate Static / 20% Stir
Running time (day) 7
Potential setting for cathodic 1100
protection (mV/SSCE) ’
Kinds of specimens Carbon steel
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(3) Cathodic protection test in the cistern

The galvanic corrosion caused by connecting with dissimilar metals, such as
valves, can be resolved by maintaining the potential at -900 mV/SSCE.
Furthermore, it is effective to protect the interior of pipe from
corrosion if potential is maintained in the range mostly between -1,300
mV/SSCE and -1,200 mV/SSCE'. Specimens No.1-5 were applied for
cathodic protection. By contrast, specimens No0.6~10 were set to the
natural corrosion condition. Furthermore, to verify the effect of the
galvanic corrosion current, specimens No.4 and 10 were set in the
galvanic corrosion condition by connecting the carbon steel specimen
with the copper alloy specimen. In a test specimen that applied for
cathodic protection, the cathodic protection potential was maintained at
-1,100 mV/SSCE; in other cases, in order to compare the results, the
specimens were allowed to corrode. Fresh water and seawater were
used as experimental conditions. Additionally, to verify the effect of the
flow rate, the condition of the non-flow and the flow were created. tests
in each condition were conducted for 7 days. Experimental condition is
shown in Table 3.5 and arrangement of specimen and anode is shown in
Table 3.6.
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Table 3.5 Experimental set up of cathodic protection test in the cistern

Parameter Value
Specimen size (cm) 100W) x 10(H < 0.5(D)
Source of water Tap water / Seawater
Temperature (C) 25
Running time (day) 7
Flow rate of circulation (L/H) 3400
Kinds of specimens Carbon steel
Copper alloy

Table 3.6 Arrangement of installed specimen and anode

No. s Experimental Condition
General

1 CS

2 CS Cathodic protection

3 CS

4 CO = connect Cathodic protection

5 CS — (Galvanic condition)

6 CS

7 CS Corrosion

8 CS

9 CO = connect Corrosion

10 cSs — (Galvanic condition)

CS : Carbon steel, CO : Copper alloy
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3.3 Field test

(1) Cathodic protection and electrochlorination test
1) Test apparatus

The experiments using cathodic protection and electrochlorination were
conducted by installing experimental equipment to the seawater pipe
located in engine room of the training ship Hanbada of Korea Maritime and
Ocean University. A carbon steel pipe normally used for the engine room
seawater pipe was used. The diameter of the pipe was 40 mm and it was
cut every 300 mm and welded with flange taking into account its workability.
Insulated flange was made to set up the reference electrode to measure the
potential of the pipe and the insoluble anode for cathodic protection. Moreover,
insulated flange had not only the air venting valve, but also the sampling

valve to get rid of the air in the cooling seawater pipe (see Fig 3.9).

Fig 3.10 shows a schematic diagram and appearance of the anode
installed in the pipe. An electric cable and the anode were connected and
covered by using epoxy and hardener, and electric cable was extracted
through the hole located on the insulation flange. By using the cable
tie, the anode was helded in order to avoid its touching the pipes that

played the role of the cathode.
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Fig 3.9 Pipe specimens for cathodic protection and electrochlorination, (a): Pipe with

flange, (b): Insulation flange with hole, (c): Elbow with flange

Electric cable

Cable tie  Ripbon type
) MMO anode

Carbon steel pipe

Insulation flange

(o) Installing & holding
of anode

(b) Cable tie installed
on anode

(a) Connection anode

with electric cable
Fig 3.10 Schematic diagram and appearance of anode installed in the pipe
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By using the fabricated carbon steel piping parts, the experiment was
structured (see Fig 3.11). The test apparatus was connected to the inlet and
outlet lines of the low temperature cooler in the engine room. Fig 3.12 shows
the test apparatus. The inlet and outlet lines were equipped with a valve to
regulate the influx of seawater and a flexible hose which is for connection
with the equipment. At the entrance, the electrochlorination facility was
installed, and insulated flanges were installed in front and behind the facility.
The MMO ribbon anode was used for the anode of -electrochlorination; a
carbon steel pipe manufactured for the cathode was used. Three carbon steel
pipes and one elbow for the cathodic protection experiment were then
connected in a series, and an isolated flange with a standard electrode was
installed. Then, one elbow and three carbon steel pipe were connected in a
series. In addition, the insulated flange installed air vent valve was connected,

and the flexible hose and the valve were installed to connect to the outlet.

Pawer supply for
Concentration of
Hvpochiorous aeid

Bl Fower supply
for Anti-
corrosion

P E—— Ancde
( \ : :
Stap Flexible . 7
EW S . ) f — A
Outiet Inlet yalve Hiee Caper
% .' -
- _{
ur meter | | | | |Reference § J
COGLER | W Electrode A
Hypochlorous  Hypoehlorous
ackl meter
W oW Stop “ m
. valve  Flexible
\, Ikt Cutiet / Hege 3z Cesger

Fig 3.11 Configuration of test apparatus connected to seawater pipe in
engine room of T/S Hanbada
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Fig 3.12 Photograph of test apparatus for cathodic protection and
electrochlorination, (a): Appearance of pipe, (b): Appearance of
flexible hose connected with seawater pipe
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The auxiliary test apparatus is illustrated in Fig 3.13. A flow meter was
installed to measure the flow rate. The flow meter is accurate and
durable-product that could perform measurement in the range from 1 to
30 m*h. A power supply was used to supply external power for cathodic
protection and electrochlorination. A Fluke multi meter was used to
measure potential. In addition, a portable chlorine tester made by Hach

was used to measure the HCIO concentration.

Fig 3.13 Auxiliary test apparatus for cathodic protection and electrochlorination,
(@): Flow meter for measuring flow rate, (b): Power supply for cathodic
protection and electrochlorination, (0): Fluke multi meter (d) : Portable
chlorine tester made by Hach
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Aqua2000-FCL (Suntech engineering, South Korea) was used to measure HCIO
produced by electrochlorination in real-time. Specification of the residual chlorine
sensor is shown in Table 3.7 and the appearance of the residual chlorine sensor

is shown in Fig 3.14. In addition, the electrode sensor is shown in Fig 3.15.

Fig 3.14 Appearance of free chlorine meter

138.35mm

25.2mm

AT

il

Fig 3.15 Photograph and schematic diagram of chlorine sensor
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Table 3.7 Specification of chlorine sensor

Chlorine Sensor Specification

Measurement System Performance

: Polarograph Amperometric

Type of measurement

: pH, Auto compensation of water temperature

Range : 0 to 2/5/10/20 mg/L (User setting)
Minimum detection limit | : 0.01 mg/L
Accuracy : £0.01 mg/L

Unit of measurement

: Chlorine (mg/L, Free chlorine), Water temperature("C),

Potential of hydrogen(pH)

Response time

- 90 %, in 90 seconds

Cleaning method

: Auto cleaning by draining

Measurement option

: If pH sensor is added together, the correlation curve between

HOCI" and OCL’ is calculated by pH calibration

Construction

Structure of electrode

: Protected by membrane cap

: Electrode - Gold Cathode, Silver Anode
: Temperature electrode - Platinum(PT100002)

: Membrane - High intensity Teflon

Material
: O-rings - Viton
: Measurement unit - Acrylic, Black ABS(Option)
: Body - CPVC
Construction : Water proof(IP68), Corrosion resistance, Chemical resistance

Operational Environment

Temperature range

: 0 to 70°C (Water), -20 to 70 C (Atmosphere)

Maximum pressure

: 15 psig @ 45C

Maximum flow rate

- 200 to 500 mL/min
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2) Procedure

The experiment was conducted to verify the HCIO concentration by
electrochlorination in the vicinity of the anode by the DC current while
applying the current using the external power applied for cathodic protection.
To verify the performance of the external power cathodic protection and the
electrochlorination facility under various flow rates, the flow rate was altered step
by step. The cathodic protection potential, which is the difference between the
standard electrode and the potential of the pipe, was measured by a Fluke multi
meter. The HCO concentration was measured by the DPD (NN” -diethyl-p-phenylenediamine)
method using a Hach Pocket Colorimeter, and a sample was taken from the
sampling line installed at the outlet of the experimental apparatus. Moreover,
free chlorine meter, which is an electrochemical measurement method by the
electrode, was used to monitor the HCIO variation, as the measurement
method by the DPD method had limitations in terms of measuring the HCIO of

the sample in real-time. Experimental condition is shown in Table 3.8.

Table 3.8 Experimental set up of cathodic protection and electrochlorination

Parameter Value
Solution Seawater
Temperature (C) 12.6 to 13.2
pH 8.20 to 8.25
Running time (day) 30
3
6
Flow rate (m%h) 9
11
15
-900
Potential setting for cathodic -1,000
protection (mV/SSCE) -1,100
-1,200
- 74 -
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Chapter IV
RESULTS AND DISCUSSION

4.1 Test results of corrosion control

Fig 4.1 shows the results of the polarization resistance test of specimens in
fresh water and seawater. Polarization resistance test was performed in the
range of £ 20 mV/SSCE without any change of factors, such as the flow rate
and temperature. Typically, the slop of polarization curve, defined as
polarization resistance, is inversely proportional to the corrosion rate. In this
test, the slope of the polarization resistance curve in fresh water was larger
than in seawater, suggesting that the corrosion rate in fresh water is smaller
than in seawater. This result was calculated into the corrosion rate and

the corrosion current density (see Fig 4.2).

-0.44

] s ]
-0.46 - &M i

Seawater

Potential (V/SSCE)

-0.48

Polarization resistance test range : + 20 mV/SSCE
. ; . . .

T T T
0.0 4.0x10° 8.0x10° 1.2x10*
Current density (A/cm®

-0.50

Fig 4.1 Polarization resistance test results of carbon steel specimen in
fresh water and seawater with the range of = 20 mV/SSCE
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Based on the results of polarization resistance, the corrosion rate and
corrosion current density in fresh water and seawater were calculated (see
Fig 4.2). Specifically, the corrosion rate in 25C fresh water was 2.789
mpy (milis penetration per year), while that in 25C seawater was 10.15
mpy. Therefore, the corrosion rate in seawater is approximately 3.6-fold
higher than in fresh water. In addition, corrosion current density in 25 C
fresh water was 13.72 yA/cm? while in seawater, it amounted 49.96 pA
/cm? Thus, the corrosion current density in seawater is approximately
3.6-fold higher than in fresh water. According to previous researches,
Ahmad Royani’” et al. reported that the corrosion rates of various carbon
steels in raw water for cooling system are 4.219-6.805mpy at 32C. In
addition, according to R.Winston revie’®, the average corrosion rate of steel
in static air-saturated soft waters at ordinary temperatures is roughly 4
mpy. These results are roughly similar to the results of our test. With
respect to seawater, overall corrosion rates of steel continuously immersed
in quiescent seawater at many locations throughout the world for periods
from <1 year to 40 years collected from various literature are in range
from 0.8-14.6 mpy, and the average rate is 4 mpy. Furthermore, the
corrosion rate of carbon steel in seawater averages 2mpy for the first 20
years, then drops to 1mpy. The decrease of corrosion rate with time has
been more clearly shown in corrosion test in which steel was continuously
immersed in seawater’®. Therefore, in terms of long period, it seems that the
corrosion rate of fresh water and seawater is nearly the equal level
However, our test results in seawater are slightly higher than the results
previously reported by many authors. It seems that this is because the test

was performed for an extremely short time.
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Fig 4.2 Comparison of corrosion rate and corrosion current density calculated
from polarization resistance test result in fresh water and seawater,
(a): Corrosion rate, (b): Corrosion current density
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Fig 4.3 shows the results of the anodic polarization test in 25°C and 35C
fresh water and seawater. The corrosion potential in seawater, which contains
many corrosive factors, was slightly lower than in fresh water. With an increase
of the temperature increases of both solutions, a higher current density was
observed in both. The current density in 25°C seawater was 150-fold higher
than in 25°C fresh water. This is because ClI, which is adsorbed to the metal
surface, causes the exchange current density for the anode dissolution to
increase, accelerating activation dissolution reaction while reducing overpotential®.
The current density in 35°C fresh water was 3-fold higher than in 25°C fresh
water. Furthermore, the current density in 35 C seawater was 3-fold higher than
in 25°C seawater. These results are similar to the results previously reported by
Kim™ and Lee®®. With an increase of temperature, current density and corrosion
rate also increase since the level of activity for ions that participate in the
reaction increases by altering free energy. Therefore, when performing anodic
polarization, we could verify that the current density increases in seawater rather

than in fresh water, and at higher temperatures as the potential rises.

o © o =
=} IN © N
1 1 1 1

Potential (V/SSCE)

o
kN
1

IS4
©
1
1

T T T T T T
1E7 1E-6 1E-5 1E4 1E-3 0.01 0.1 1
Current density (A/cm®

Fig 4.3 Variation of anodic polarization as a function of different
solutions and temperatures

_78_

Collection @ kmou



Fig 4.4 shows the results of the cathodic polarization test conducted in fresh water
and seawater at 25°C and 35°C. In the cathodic polarization curves of fresh water,
activation and concentration polarization by the reduction of dissolved oxygen
appeared. In the cathodic polarization curves of seawater, concentration polarization by
the reduction of dissolved oxygen and activation polarization by generating hydrogen
gas appeared. The results of the experiment in both conditions demonstrated that the
potential in seawater that contains a lot of corrosive factors was slightly lower than in
fresh water. In the division of activation polarization, the current density in 25C
seawater was 2-fold higher than in fresh water. In comparison of fresh water at 25°C
and at 35%C, the current density in the latter was 3-fold higher than in the former.
Furthermore, the current density of seawater at 35°C was 3-fold higher than at 25 C.
Concentration polarization is an electrochemical reaction governed by diffusion of ions
in solution; the phenomenon of polarization is caused by the concentration difference
between the electrolyzed solution and the polarized surface. In this division, the
increase of current density is stagnant, because the reduction rate of oxygen on the
surface of the electrode increases, consuming oxygen ions that are close to the
metal surface. In addition, the concentration polarization gap was reported to narrow
due to the reduction of dissolved oxygen levels due to the increase of seawater
temperature®. In the present study, in our comparison of the divisions in
concentration polarization, at 25°C, the current density in seawater was 40-fold
higher than in fresh water of the same temperature. Furthermore, in the comparison
of fresh water at 25°C and at 35°C fresh water, the current density in the latter
was 3-fold higher than in the former. Therefore, as suggested by our results, the
lower potential, the greater difference in current density. When compared to
difference of temperature, a slight increase in current density was observed in high
temperature environments. This means that limit diffusion current density increases
due to a rise of the level of activity of ions in high temperature environments.

Combined results of anodic and cathodic polarization curves are shown in Fig 4.5.
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Fig 4.5 Polarization curve for carbon steel specimens as a function

of different solutions and temperatures
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Fig 4.6 compares the results of potentiostatic polarization test with the
changes in temperature and the flow rate in fresh water. Potential was set at
-1,100mV/SSCE. In all conditions, at the beginning of the test, there was a
general tendency for a high cathodic protection current density, while its
current density gradually decreased over time. The magnitude of current
density also increased with an increase of the temperature and flow
rate. Because increased flow at the surface and temperature could
change the limiting current density, resulting in that the corrosion rate
increases. It has a massive effect on the degree of protection when
cathodic current is held constant. Therefore, to compensate for the
greater limiting current density, applied current also increased. The
lowest current density of approximately 70 pA/cm? was observed in 25 C
static fresh water. The highest current density of approximately 370 pA
/cm? was observed in 35 50 % stir fresh water. The difference between

the highest and lowest value was almost 4.3-fold.

7.0x10% : T : T T T . T

1 —o— FW Static 25C
6.0x10™ —o— FW 20% Stir 25C
—— FW 50% Stir 25C _
., FW Static 35C
5.0x10" —o— FW 20% Stir 357
1 —o— FW 50% Stir 35C

Current density (A/cm?)

T T T T T T T
0 100 200 300 400 500 600
Immersion time (s)

Fig 4.6 Variation of potentiostatic polarization as a function of various
environments of fresh water
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Fig 4.7 compares the results of the potentiostatic polarization test with
the changes in the temperature and flow rate in seawater. Potential was set at
-1,100mV/SSCE. In all conditions, at the beginning of the test, there was a
general tendency for a high cathodic protection current density, while its
current density gradually decreased over time. The magnitude of current
density also increased with an increase of temperature and flow. This
tendencies are similar to the results in fresh water. Unlike the test in
fresh water, the graph of 35C static seawater was the third highest in
current density. It can be seen that the diffusion coefficient for oxygen
increases with temperature, resulting in that corrosion rate increases, and
with an increase of temperature, corrosive factor in seawater, which is
adsorbed to the metal surface, additionally causes the exchange current
density for the anode dissolution to increase, accelerating corrosion rate.
Therefore, this finding suggests that, in seawater, the influence of

temperature is larger rather than that of flow rate.
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Fig 4.7 Variation of potentiostatic polarization as a function of various
environments of seawater
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Fig 4.8 compares the results of the potentiostatic polarization test with
the wvarious conditions in fresh water and seawater for 600 seconds.
Potential was set at -1,100 mV/SSCE. In all conditions, at the beginning of
test, there was a general tendency for a high cathodic protection current
density, while its current density gradually decreased over time. The
magnitude of current density was the highest at 35 °C 50 % stir seawater,
followed by 35C 20 % stir seawater, 25C 50 % stir seawater, 25°C 50 %
stir fresh water, and 25 °C static fresh water. The lowest current density
of 70 pA/cm® was observed in 25°C static fresh water, and the highest
current density of 2.8 mA/cm? was observed in 35C 50 % stir seawater.
There was a difference between the highest and lowest value up to
40-fold. Therefore, our results suggest that the higher temperature and
flow rate in both fresh water and seawater, the more current density to
maintain cathodic protection potential appeared. This means that the
higher temperature and flow rate, the higher activity of ions and
diffusion coefficient of oxygen. These results are similar to the results

previously reported by Kim®”:
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Fig 4.8 Variation of potentiostatic polarization as a function of fresh
water and seawater in different flow rates and temperatures
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Fig 4.9 shows the results of open-circuit potential in different solutions (e.g.
fresh water and seawater) and flow rates (e.g. static and 20 % stir). As can be
seen in the figure, the open-circuit potentials of fresh water were more noble
than that of seawater at all time points. Open-circuit potential of specimen in
static fresh water was -468 mV/SSCE, which gradually decreased to -603
mV/SSCE. In addition, open-circuit potential of specimen in static seawater was
-511 mV/SSCE, which gradually decreased to -658 mV/SSCE. As time passed by,
the open-circuit potential of specimens in all conditions decreased and
tended to become stable. It seems that corrosion byproducts which are chemically
stable covered the reacting surface, leading to a decrease of the reacting surface
areas. As a result, stable potential behavior was appeared, although the
open-circuit potential moved rapidly towards active direction in the beginning
period®. In addition, in the seawater, CI~ which is dissolved with seawater destroys
the oxidation layer and adheres to the metal surface, leading to an increase of
exchange current density and decrease the overpotential®”. Furthermore,
open-circuit potentials of solutions with flow were more noble than that of
static solutions. Open-circuit potential of specimen in fresh water with flow (20 %
stir) was —400 mV/SSCE, which gradually decreased to -600 mV/SSCE. In addition,
open-circuit potential of specimen in seawater with flow (20 % stir) was -448
mV/SSCE, which gradually decreased to 660 mV/SSCE. This is because with an
increase of the flow rate, the diffusion rate of the depolarization agents such
as H" increase. Consequently, the rate of cathodic depolarization increases,
the consumption of electrons increases, and the negative charge formed on
the double layer reduces. These result are in agreement with researches

® and Qingwei Niu*®. In all cases, 4 days after,

previously reported by Zhen Li
open-circuit potentials become stable. This means that open-circuit potentials of
specimen approached corrosion potential that is the mixed potential at which the
rate of anodic dissolution of the electrode equals the rate of cathodic reactions

and there is no net current flowing in or out of the electrode.

_84_

Collection @ kmou



Fig 4.10 shows the amount of current density when carrying out
cathodic protection by setting the potential at -1,100 mV/SSCE in different
solutions (fresh water and seawater) and flow rates(e.g. static and 20%
stir). In all cases, the applied current was the maximum in the beginning
period, and had tendency to decrease over time. Comparing fresh water
with seawater, a higher current was generally applied in seawater. Seawater
was initially applied the current of 0.20 mA/cm? which gradually decreased
to 0.142mA/cm® In the case of fresh water, the current of 0.03 mA/cm?
was initially applied, which later decreased to 0.004 mA/cm? The results
confirmed that the demand for a higher current was necessary to
maintain a lower potential in seawater which contains more corrosive
factors as compared to fresh water. Comparing solution with flow rate
and without flow rate, a higher current was generally applied in solution
with flow rate. Seawater with flow rate was initially applied the current
of 0.404 mA/cm? which gradually decreased to 0.24 mA/cm® In the case
of fresh water with flow, the current of 0.08 mA/cm® was initially
applied, which later decreased to 0.013 mA/cm? This also means that the
demand for a higher current was necessary to maintain a lower potential
in flowing condition. Because increased flow rate cause limit diffusion
current to increase, resulting in increase of applied current for cathodic
protection. This trend is similar to the our results of potentiostatic
polarization test. Furthermore, in the case of cathodic protection in
seawater, our results confirmed that the deposited form on the surface
through cathodic protection acted as the coating layer, leading to a

decrease of the current density®®.
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Fig 4.9 Variation curves of open-circuit potential with time at different
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Fig 4.10 Current density maintaining -1,100 mV/SSCE for 7 days in
each condition of the beaker
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Fig 4.11 shows the appearances of both natural corroded specimens
and protected specimens over time in different solutions and flow
rates. Natural corroded specimens had corrosive byproducts on the
surface after 1 day. As time passed by, the corrosive area expanded,
and the amount of corrosive byproducts increased. A more severe
corrosion appeared on the surface in seawater than in fresh water.
Corroded surface of specimens has the corrosive byproducts (initial
rust), which is a result of the reaction of the oxidation of the steel
and the reduction of oxygen, which, in turn, is the result of
conversion to complex iron oxide through oxidation processes due to
the effects of the surrounding environment over time. In protected
specimens, the initial surface was maintained over time, and no
corrosion on the surface was observed. 2 days after, white crystals
began to appear on the surface of specimens that were adopted to
cathodic protection in seawater. This is because when cathodic
protection is applied, cathodic protection current causes dissolved
oxygen reduction, generating hydroxyl ions and carbonate ions.
These ions combine with magnesium and calcium ions, which are
dissolved in seawater, forming an inorganic layer whose principal
component is calcium carbonate. This layer functions as a barrier
against the corrosive environment, leading to a decrease of the
current demand®® (see Fig 4.12). As can be seen in Fig 4.12, in 20 %
stir seawater, calcareous deposit was partially cracked on day 6. This is
because the effect of flow rate causes calcareous deposit to be
detached from the surface. Therefore, overall thickness of calcareous
deposit in 20 % stir seawater was thinner than in static seawater. Fig
4.13 shows macro-photographs of corroded and protected specimens in

each conditions after scrubbing.
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Fig 4.11 Comparison of photographs between corroded specimens and protected
specimens in different solutions and flow rates for 7 days
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Fig 4.12 Macro-photographs of protected specimens’ surface in each condition
over time
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Fig 4.13 Macro-photographs of corroded and protected specimen after
scrubbing in fresh water with different flows
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Fig 4.14 compares the cathodic protection current density under 4
experimental conditions while maintaining a potential at -1,100 mV/SSCE
with three carbon steel specimens connected electrically. In fresh
water without flow, 0.04 mA/cm? was initially applied, but decreased
to 0.02 mA/cm? on day 7. In fresh water with flow, 0.12 mA/cm? was
initially applied, but decreased to 0.10 mA/cm? on day 7. In seawater
without flow, 0.47 mA/cm? was initially applied, but decreased to
0.43mA/cm? on day 7. In seawater with flow, 0.58 mA/cm? was
initially applied, but decreased to 0.56 mA/cm® on day 7. These
current trend are similar to the results of our potentiostatic test.
Current was applied 5-fold higher in fresh water with flow than
without flow, and 1.3-fold higher in seawater with flow than
without flow. Comparing fresh water with seawater, In the
environment without flow, the difference of current was about
22-fold and, in the environment with flow, 6-fold difference was
observed. We also observed a 29-fold difference between the
non-flowing fresh water (-the lowest amount of current) and the
flowing seawater (-the largest amount of current). These results
suggest that applied current to maintain certain potential was much
higher in seawater than in fresh water. In addition, as reported in a
previous study, increased relative movement between the metal
surface and the electrolyte produced by the flow reduced the
thickness of the diffuse layer barrier adjoining the metal surface
and increased the movement of the response’”. Therefore, we
reasoned that, if the flow increased, applied current to maintain

cathodic protection potential for surface would also increases.
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Fig 4.15 compares the cathodic protection current density with the
galvanic corrosion condition by electrically connecting two carbon
steel specimens with one copper specimen under 4 experimental
conditions while maintaining a potential at -1,100 mV/SSCE. In fresh
water without flow, 0.03 mA/cm? was initially applied, but decreased
to 0.02mA/cm? on day 7. In fresh water with flow, 0.13 mA/cm? was
initially applied, but decreased to 0.08 mA/cm? on day 7. In seawater
without flow, 0.31 mA/cm? was initially applied, but decreased to 0.28
mA/cm? on day 7. In seawater without flow, 0.44 mA/cm? was initially
applied, but decreased to 0.31 mA/cm? on day 7. These current trend
are similar to the results of our potentiostatic test and general
corrosion test in the cistern. Current was applied 4-fold higher in
fresh water with flow than without flow, 1.1-fold higher in seawater
with flow than without flow. Comparing fresh water with seawater,
In an environment with no flow, the difference of current was about
14.8-fold, and in an environment with flow, 4-fold difference of
current was observed. We also observed a 16-fold difference between
non flowing fresh water (~the lowest amount of current) and flowing
seawater (-the largest amount of current). Similarly to the general
corrosion environment, in the galvanic corrosion environment, the
current applied more in seawater was higher than in fresh water,
regardless of the repercussion of galvanic currents. Our results also
demonstrated that a higher current was applied in the non-flowing
environment than in the flowing one. With two results of current
density in the cistern, we could observe that current density trend
for the inner surface of pipe is similar to general cathodic

protection.
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Fig 4.15 Current density maintaining -1,100 mV/SSCE for 7 days in
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Fig 4.16 shows the specimens used in the experiment fresh water
without flow. After the test was finished, corroded specimens were found
to have developed corrosion in narrow areas, and their surface was
damaged. In the protected specimens, no significant changes before and

after the experiment were observed.

Fig 4.17 shows the specimens used in the experiment in fresh water
with flow. After the test, the specimens were found to have more areas
of corroded surface than in the environment without flow. The damaged
specimens clearly showed the difference between the deep damaged
surface and the protected surface. Therefore, we concluded that the
corrosion rate increased while simultaneously affecting physical erosion
due to the reduction of the thickness of mass transfer layer with an
increase of the flow rate. Therefore, the damage steadily increased in
the local areas®®. In the protected specimens, similarly to the experiment
in fresh water without flow, no conspicuous changes before and after

the experiment were observed.
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Fig 4.16 Comparison of photographs between corroded specimens and protected
specimens in fresh water without flow
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Fig 4.17 Comparison of photographs between corroded specimens and protected
specimens in fresh water with flow
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Fig 4.18 Macro-photographs of corroded and protected specimen after
test in fresh water with different flows
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Fig 4.19 shows the specimens used in experiment in seawater without
flow. After the test, in corroded specimens, corroded areas accounted for
35% of the total surface. In the specimens influenced by galvanic
corrosion, the corroded area accounted for above 80 % of the surface of
specimens. In addition, the corroded specimens showed irregular layers of
surface in the areas of damage and, in particular specimens influenced by
galvanic current showed obvious boundaries divided into the exposed
surface and the unexposed surface. Since copper is more noble in the
galvanic series, galvanic currents were applied to copper and occurred
more galvanic corrosion occurred on the carbon steel, resulting in more
damage. In the protected specimens, inorganic layers produced by the
cathodic protection current which electrolyzed the seawater were found
on the surface of specimens after the experiment. After scrubbing, no

damage on the surface was observed.

Fig 4.20 shows the specimens used in the experiment in seawater with
flow. After the test, the corroded specimens were found to have more
areas of corroded surfaces than in the environment without flow. In
seawater without flow, in protected specimens, no conspicuous changes
before and after the experiment were observed. The damage increased due
to the effect of seawater, which is a more corrosive environment than
fresh water and physical erosion produced by flow. Furthermore, with an
increase of the flow rate, the movement of reactant and limit diffusion
current density increased, resulting in that more cathodic protection current
was applied to the metal surface. In conclusion, owing to the energetic
seawater electrolysis, the amount of product on the surface increased. We
concluded that, although the thickness of the deposit layer decreases with
an increase of the flow rate®, the amount of product increased due to the

increase of applied current to maintain the potential.
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Fig 4.19 Comparison of photographs between corroded specimens and protected
specimens in seawater without flow
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Fig 4.20 Comparison of photographs between corroded specimens and protected
specimens in seawater with flow
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Fig 4.21 Macro-photographs of corroded and protected specimen after

test in seawater with different flows
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Fig 4.22 compares current density to maintain certain cathodic
protection potential in various flow rates. At -900 mV/SSCE of the
cathodic protection potential, minute differences between flow rates
were observed. However, with an decrease of the cathodic protection
potential, the difference of current density between flow rates was
augmented. At -1,200 mV/SSCE of the cathodic protection potential, the

largest current density, 8.37 mA/cm? was identified at the flow rate of
11 m¥h.

Flow rate : 11 m*h

Flow rate : 9-m’/h §

k

oJFlow rate : 5 m*h

Current density (mA/cm?)

1200 ' 1100 ' -1000 ' -900
CP Potential (mV/SSCE)

Fig 4.22 Current density at each cathodic protection potential in various
flow rates

- 102 -

Collection @ kmou



Fig 4.23 shows photographs of the inner surface of both protected pipe and
corroded pipe after the experiment was performed for 30 days. According to the
results, rust was found on the inner surface of the corroded pipe. By contrast,
the pipes that operated by installing ribbon anode normally appeared to have
deposited a film of lime, and rust which was formed when corrosion was in
progress was not found. Furthermore, in the overall pipe, no marine growth or
adsorption was observed. We reasoned that the phenomenon where marine growth
did not proceed in the corroded pipe is due to the fact that electrochlorination
facility installed at the front of the system enabled HCIO that performed as
antiseptic to pass through the pipe with the seawater flow. Consequently, when
an anode was installed in the pipe, corrosion control in the pipe was properly

performed, and the effect of marine organisms’ suppression was also observed.

(a) ) ©
Fig 4.23 Comparison of photographs between pipes after test, (a): Protected
pipe, (b): Partially protected pipe, (0): Corroded pipe
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4.2 Test results of biofouling control

Fig 4.24 shows the results of HCIO concentration produced by the cathodic
protection current applied from an external power source for the cathodic
protection system to protect the seawater pipe from corrosion. Before
applying the cathodic protection current, the potential of the pipe was set at
-700 mV/SSCE, and the cathodic protection current and HCIO concentration
were measured in the condition of -900 mV/SSCE of the cathodic protection
potential. The seawater flow rate was 15m?h, and temperature during the
experiment ranged from 12.6 to 13.2°C. pH level of seawater was maintained
from 8.20 to 8.24. There was a tendency for the cathodic protection current to
increase as with a decrease of the cathodic protection potential. When the
cathodic protection potential was below -1,100mV/SSCE, the HCIO concentration
amounted about 0.16 mg/L.- Consequently, the HCIO concentration was directly

proportional to the amount of cathodic protection current.
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Fig 4.24 Test results of cathodic protection current and HCIO concentration
as a function of cathodic protection potential setting
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Fig 4.25, Fig 4.26, and Fig 4.27 show the HCIO concentration
produced in the condition when the electrochlorination facility
applied additional current while maintaining the cathodic protection
potential of -1,200 mV/SSCE in the flow rate of 3 m?®h, 6m?®h, and
15m?/h respectively. The higher the total current applied (.e. a
combination cathodic protection current with electrolysis current),
the higher the HCIO concentration produced. When the cathodic
protection potential was maintained at -1,200 mV/SSCE in the flow rate
3m%h, 6m%h, and 15m®h, the amount of applied current was 6.351
A, 6.8 A and 9.751 A respectively. In addition, 0.70 mg/L, 0.82 mg/L,
and 0.92mg/L of HCIO were measured respectively. In each
condition, when 6 A were added from the electrochlorination facility,
the HCIO concentration increased up to 2.2mg/L, 3.76 mg/L, and 4.66
mg/L. Conversely, when additional applied current decreases, the HCIO
concentration also decreases. This means that HCIO concentration could
be adjusted by additional applied current from electrochchlorination
facility when the HCIO concentration only produced by cathodic
protection current is too low to decimate marine organisms. In
addition, with an increase of flow rates, the HCIO concentration
increased in all conditions. This is because cathodic protection
current increases of total applied current to maintain cathodic
protection potential, and total applied current also increases. It
seems that these increases eventually lead to an increase of the

HCIO concentration.
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Fig 4.28 compares HCIO concentration produced by both the cathodic
protection current and the electrochlorination facility output current
according to the flow rates while maintaining the cathodic protection
potential at -1,200 mV/SSCE. The differences between various flow rates
resulted from the fact that the high cathodic protection current was
applied in order to maintain the cathodic protection potential in the
increasing flow rate. Consequently, when no additional current was
applied from the electrochlorination facility, there were tiny concentration
differences between flow rates. In contrast, when the additional current
was constantly applied, the HCIO concentration differences increased
considerably. Although reaction time reduced owing to the increased
flow rate, a high HCIO concentration was measured. This is because the
large cathodic protection current applied to maintain the cathodic

protection potential in response to increasing flow rates.
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Fig 4.25 Test results of total applied current and HCIO concentration
at -1,200 mV/SSCE of cathodic protection potential in
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Fig 4.26 Test results of total applied current and HCIO concentration
at -1,200 mV/SSCE of cathodic protection potential in
6m3/h
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Fig 4.28 Comparisons of total applied current and HCIO concentration
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During measuring the HCIO concentration, the concentration differences
between FCL (Free Chlorine Meter) and DPD were observed. Therefore,
to minimize the concentration differences and set calibration point of FCL
properly, HCIO concentration was measured by modifying calibration

point of FCL, and measuring test allow us to draw the following results.

Fig 4.29, Fig 4.30, and Fig 4.31 show the difference in the measured
concentration between the FCL and the DPD in a solution of equal
concentration when FCL was calibrated at 0.5mg/L, 2.0mg/L, and 4.0 mg/L.
When FCL was calibrated at 0.5mg/L, the same level of concentration was
observed at 0.5mg/L. However, with an increase of HCIO concentration, the
difference also increased. When concentration was at 2.0mg/L, a difference of
0.5mg/L. on average was observed. Whereas a concentration higher than 2.0 mg/L
showed an increasing tendency. In concentration above 2.0 mg/L, the difference
of 4.3mg/L on average was observed. In addition, when FCL was calibrated at
2.0mg/L, In the condition between 0 and 2.0 mg/L, minute difference was
observed. Similarly to the calibration at 0.5mg/L, differences in
concentration above 2.0 mg/L were more likely to be greater than those
at 2.0 mg/L; however, the difference in concentration above 2.0 mg/L
was reduced to 1.57mg/L on average. Compared to case when
calibration was 0.5 mg/L, the difference was slightly decreased. Lastly,
when FCL was calibrated at 4.0 mg/L, unlike in the results reported in
previous graphs, the DPD method was measured lower than FCL in the
range between 0 and 2.0 mg/L. The closer concentration was to 4.0 mg/L
(i.e. the calibration value), the smaller difference was observed. In the
range from 0 to 2.0 mg/L, the concentration difference was 0.55 mg/L on
average. In addition, in the range above 2.0 mg/L, the concentration

difference amounted to 0.31 mg/L.
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Fig 4.30 Difference of concentration between DPD and FCL calibrated
at 2.0 mg/L
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Fig 4.31 Difference of concentration between DPD and FCL calibrated
at 4.0 mg/L
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Chapter V
CONCLUSIONS

The results of the present study on the control of corrosion and biofouling

in seawater pipe allow us to draw the following conclusions:

1. The results of the electrochemical polarization test showed that corrosion
current density and corrosion rate, in anodic and cathodic polarization, were
generally higher in seawater than in fresh water. Furthermore, as shown by the
results of the potentiostatic polarization test, current density in seawater was
normally higher than in fresh water and current density increased with an increase

of temperature and flow rate in both solutions.

2. The results of cathodic protection test in the beaker showed a more active
potential in seawater than in fresh water, and more currents were applied.
Protected specimens in both fresh water and seawater produced no corrosive
byproducts on the surface of the test specimen applied to cathodic protection as

compared to the naturally corroded test specimen.

3. As shown by the results of cathodic protection in the cistern, in both
general and galvanic corrosion conditions, current was applied more in
seawater than in fresh water, and no repercussion of galvanic current was
observed in the case of the galvanic corrosion. In addition, as shown by the
results of surface observation, corrosive byproducts on the corroded specimens
were observed. Whereas, in the protected specimens, no damage on the surface

of specimens was observed in all experimental conditions.
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4. As demonstrated by the results of cathodic protection and
electrochlorination, in corrosion control aspect, the higher cathodic protection
current was applied, the lower cathodic protection potential was maintained.
When observing the inner surface of the pipe, no corrosive byproducts were
observed. Therefore, by using cathodic protection in the pipe, we could prevent
the inner surface of pipe from corrosion. Furthermore, in biofouling control
aspect, with an increase of flow rate, HCIO concentration increased due to the
increase of cathodic protection current. when adjusting the output current of the
electrochlorination facility, the HCIO concentration could also be regulated.
Although FCL could perform monitoring in real-time, deviation according to the
range of calibration was observed. This deviation could be alleviated by
calibration. Consequently, it can be seen that HCIO produced by cathodic
protection and electrochlorination current could control biofouling by

automatically adjusting the HCIO concentration.

When performing corrosion and biofouling control, given that cathodic
protection condition varies depending on the diameter, shape, and flow rate of
the pipe, and that the efficiency of the electrochlorination facility varies
depending on the kinds of anodes and distance between the anode and the
pipe (cathode), additional experiments would be needed to establish an optimal
cathodic protection and electrochlorination. With these additional experiments,
the results of the present this study could provide fundamental data to develop

a hybrid technique to control corrosion and biofouling.
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