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Abstract

Water as a coolant for industrial products or processes is widely used. Efficient operation of Open
Recirculating Cooling Water Systems (ORCWS) relies on controlled cooling water conditioning
programs that prevent corrosion, fouling, scaling and microbial growth. Water intensive industries
feel greater pressure to decrease their water demand as water resources become increasingly
stressed and discharge restrictions become more stringent. Pre-treating the cooling water before it
enters the recirculation stream provides the opportunity to reduce the water demand and to seek
for alternative chemicals, preferably less complex and with a lower stress on the environment. Soft
alkaline cooling water (SACW) might be a good alternative for the conventional water and
chemicals intensive ORCWS operation. However, this type of water requires complete
reevaluation of the conditioning programs. Therefore, this research focused on the corrosion
processes in SACW and a beginning was made in evaluating non-toxic and phosphorus-free
corrosion inhibitors.

The research comprised the production of synthetic cooling water (SCW) and the evaluation of
corrosion of mild steel in this type of water, with and without inhibitors. The selected corrosion
inhibitors were NovoTraqua® without phosphorus (NTO) and sodium silicate (Si200). PHREEQC
simulation were used to validate the SCW composition. A desk study was carried out to evaluate
the applicability of corrosion indices. The average corrosion rate and inhibition efficiency were
determined by mass loss tests of mild steel specimens with an immersion time of up to 4 weeks.
The development of passivity was followed by open circuit potential (OCP) measurements. The
pitting susceptibility was tested using cyclic potentiodynamic anodic polarization (CPP)
measurements. 3D digital microscopy, SEM/EDS and XRD were used to evaluate the surface
morphology and the composition of the top layer.

The calculations for the SCW resembled PHREEQC simulations. A natural pH of 9.1 was reached
based on the carbonate equilibrium. Small corrections in the NaHCO3 and Na,COs dosage were
applied to increase the pH to the desired pH 9.4. The existing corrosion indices are not suitable to
be applied to SCW. The immersion of mild steel with a roughness of 30pum in SCW resulted in
uniform corrosion. The addition of NTO or Si200 to the SCW resulted in the inhibition of uniform
corrosion but no complete protection against localized corrosion was realized. Si200 was the best
performing inhibitor. The immersion of mild steel with a 7um roughness in SCW resulted in
natural passivation by the formation of a Fe,O3 oxide layer. The SCW did not have the ability to
immediately repassivate the specimens after localized breakdown of the protecting passivating
layer. The addition of NTO or Si200 reduced the aggressiveness of the environments at the pits but
did not accomplish complete repassivation.

Lab experiments with SCW can provide initial insights in the behavior of mild steel and can
contribute to the decision making in more cost intensive research on alternative operation of
ORCWS. The experiments should be extended by testing the behavior and inhibition of corrosion
at different temperatures, inhibitor concentrations, phosphonate concentrations and different



Abstract

cycles of concentration. Better understanding of the protection mechanisms would be obtained
when more advanced techniques like Fourier Transform Infrared Spectroscopy (FTIR) and
Electrochemical Impedance Spectroscopy (EIS) are used. Although cooling water corrosion
inhibition by means of silica is a mature research topic, it is recommended to proceed with research
on silica as a corrosion inhibitor in the specific conditions of SACW.
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1 Introduction

1.1 Background and Problem description

Water as a coolant for industrial products or processes is widely used considering its availability
in most industrialized areas, its nontoxicity, its relatively high heat capacity, and its thermal
conductivity. The heat from the hot process fluids is transferred to the cooling water in a heat
exchanger and carried away by the cooling water. The performance of a cooling water system
(CWS) is critical for the production process. Failure of the cooling system can result in decreased
heat transfer, economic losses due to unscheduled shut downs, and failure of the production
equipment.

The concentration of the dissolved and suspended solids, and the contamination of the cooling
water through interaction with the atmosphere, cause highly undesired processes for Open
Recirculating Cooling Water Systems (ORCWS). Corrosion of metal, formation of scale, fouling
of the system, and bacterial growth are all undesired processes, that also influence and intensify
each other. This mutual interaction is schematized in Figure 1, and an example would be that when
insoluble corrosion or scale products aggregate and settle, it results in fouling and occluded areas,
which again results in growth sites for microbiology and under deposit corrosion. ORCWS
efficient operation depends on controlled cooling water conditioning programs to counteract these
processes that occur simultaneously. Conventional conditioning programs rely on a tailored
mixture of corrosion, scaling and fouling inhibitors. Toxic chemicals, such as chromate, were
commonly used in corrosion inhibitors for cooling water conditioning programs until prohibited
by legislation. Current prevailing alternatives for those toxic inhibitors are phosphorus containing
inhibitors. [1,2]

biological
growth

corrosion

scaling

fouling

Figure 1: Tetrahedron of undesired interacting processes in ORCWS.
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Introduction

A robust and reliable operation of the ORCWS is crucial, and opportunities to reduce the
operational costs and the environmental impact are explored. Water intensive industries feel
greater pressure to decrease their water demand as water resources become increasingly stressed
and discharge restrictions become more stringent. The cooling towers and infrastructure may often
not have reached their end of life, therefore redesigning the cooling water conditioning can provide
possible solutions. Conditioning the cooling water before it enters the recirculation stream
provides the opportunity to reduce the water demand and to seek for alternative inhibitors,
preferably less complex and with a lower stress on the environment.

One of the options to condition the water before it enters the ORCWS is to apply complete
softening. Softening is about the removal of bivalent cations, calcium and magnesium ions in
particular. By applying softening as a pretreatment step, the risk of scaling of the ORCWS is
reduced and the opportunity to operate at higher concentration ratios is established. Besides, the
recirculating cooling water in an ORCWS develops a natural high pH due to the gas exchange
with atmosphere. Common practice, to reduce the risk of scaling, is to correct the pH to a value in
the range of pH 7 to pH 8.5 with acids or to apply an All-Organic inhibition program that contains
phosphonates and which is effective at an elevated pH. So without the presence of scale forming
ions, it would be possible to operate the ORCWS at a higher concentration ratio and at a naturally
established pH, resulting in a decrease of the water demand, of the loss of inhibitors, and of the
need for pH correcting acids or the need for complex phosphorus containing inhibition programs.

Although operating a ORCWS with soft water mitigates the risk of scaling, other undesired
processes, like corrosion, will still occur and require inhibition. Prevailing corrosion inhibitors for
soft alkaline cooling water (SACW) are zinc, molybdate, phosphonates and organic phosphates
[1]. However, non-disrupting inhibitors are characterized by non-toxicity and macro nutrient
limitation, which is not applicable to the corrosion inhibitors just mentioned. Therefore,
sustainable operation of ORCWS with SACW requires a reevaluation of the suitable corrosion
inhibitors.

Limiting phosphorus has positive consequences for the water quality. Firstly, high phosphorus
concentrations in the reject water disturb the environment by causing eutrophication. The
maximum phosphorus concentration is restricted by legislation and is expected to become even
lower by law in the future. Consequently, the reject water requires advanced treatment before
being discharged to surface waters. Secondly, phosphorus is also a macronutrient and vital for the
undesired microbial growth in the ORCWS. The microbial growth is not only regulated by organic
carbon but also by the phosphorus and nitrogen concentration [3]. New technologies, like
BioPhree® [4], are being developed to remove phosphorus efficiently from pre-treated water. The
combination of a high pH and limited phosphorus content may be an alternative for the usage of
biocides to reduce the microbial activity in ORCWS.

According to a desk study executed by KWR Watercycle Research Institute (KWR) [5], it is
expected to be cost and environmentally advantageous to apply complete softening before the
water enters the recirculation stream of the ORCWS. Operating ORCWS with soft water is not a

14



Introduction

new phenomenon to the industry but corrosion remains a complex process that is not without
ambiguity and requires research [6]. Water engineers are often confident in assessing the scaling
potential, for which indices and rules of thumb have been developed. Attempts have been made
to come up with corrosion indexes but those are limited in their usage range [5,7-10].

Corrosion research can focus on a great variety of metals and alloys. A widespread and economical
construction material for cooling water systems is mild or low-carbon steel. Corrosion research
on mild steel for ORCWS has been performed in soft water, albeit at (near) neutral pH, and in
more alkaline water, but which contained calcium and magnesium ions [11-17]. Research
focusing on corrosion in concrete or in boiler systems does utilize soft alkaline solutions.
Nevertheless, this research generally excludes the presence of oxygen [18]. A respectable amount
of corrosion research on construction metals in aqueous environments is related to the oil and gas
industry and focusses on very saline conditions, on acidic conditions, and on carbon dioxide
corrosion [19,20]. Nor do those conditions prevail in ORCWS. So more knowledge is to be gained
on the corrosion behavior of mild steel in SACW to accomplish more sustainable operation of
ORCWS, as was recommended by KWR [5].

1.2 Objective and Research Questions

This thesis focusses on the corrosion processes in SACW and a beginning is made in evaluating
non-toxic and phosphorus-free corrosion inhibitors. The main goal of this thesis is:

“To gain understanding of the corrosion behavior of mild steel in soft alkaline cooling water, to
test the effect of different corrosion inhibitors on the corrosion behavior, and to explore
phosphorus-free corrosion inhibitors for this type of cooling water”.

This goal is reached in such a way that the results contribute to the decision making and
understanding of other (pilot scale) research projects that support the operation of ORCWS
without the addition of toxic or phosphorus containing inhibitors.

Exploring the different types of corrosion assessment techniques and selecting the appropriate
tests for this thesis is key. This results in the first research question:

A. How can the corrosion behavior of mild steel in soft alkaline cooling water be evaluated?

The selected tests and test conditions are first of all used to discuss the effect of only SACW on
the corrosion of mild steel before the effect of different inhibitors is tested. Therefore, the
following two questions are posed:

B. What is the effect of soft alkaline cooling water on the corrosion behavior of mild steel?
C. How do different non-toxic corrosion inhibitors affect the corrosion behavior of mild steel
in soft alkaline cooling water?

15
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It is expected from the answers to the previous questions that a corrosion inhibitor is required to
establish a sufficient protective layer on the surface of mild steel. The next step is to evaluate if
the corrosion inhibitor can be protective without the presence of additional phosphorus.

D. How do different concentrations of phosphorus in the corrosion inhibitor affect the
corrosion behavior of mild steel in soft alkaline cooling water?

1.3 Research approach and Report Outline

The report provides first of all, in Chapter 2, some theoretical background on CWS, on corrosion
in agueous environments, and on different techniques and methods that can be applied to evaluate
corrosion. This is based on literature review. Chapter 3, 4, and 5 each cover a different
experimental phase. Therefore, each of these three chapters is split up into ‘materials and methods’
and ‘results and discussion’. Chapter 3 describes what kind of cooling water is used for the
experiments and what the characteristics are. This water is used for the actual corrosion
experiments that are described in Chapter 4 and 5. Chapter 4 evaluates corrosion in different
solutions based on mass loss experiments, while Chapter 5 evaluates corrosion in different
solutions based on potential and current density measurements. Finally, the research questions
presented in the previous section are answered in Chapter 6 and the recommendations that arose
from the research are provided in Chapter 7.

The relevance of this research is directed at open recirculating cooling water systems, which will
be for remainder of thesis referred to as cooling water systems or CWS.

16



2 Theoretical background

2.1 Open recirculating cooling systems

In CWS, the heat of the cooling water is released through evaporation. As a result, the dissolved
and suspended solids in the cooling water become more concentrated. The water that leaves the
cooling tower by evaporation and other losses is replenished with unconcentrated water, called
makeup water, to avoid further concentration increase. The solids concentration in the cooling
water is regulated by controlled discharge of this water as blowdown. The different water flows
and losses are illustrated in Figure 2. The ratio of an ion concentration in the blowdown (Cyq) to
the concentration of the same ion in the makeup water (Cy) is defined as cycles of concentration
(COC) or the concentration ratio, as in Equation (2.1).

cocC = Cﬂ (2.1)
C

mu

Evaporation,
Windage losses,

and Drift
Warm water
 AVAYAYAVYAYA <
Fill Process

heat exchange
Air ——» J—j LL <« Air

e Lo

water
Concentrated circulating water

Blowdown Cold water

Figure 2: Schematization of an Open Recirculating Cooling Water System.
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The blowdown rate (BD) and the makeup rate (MU) depend on the evaporation rate (E) and the
desired COC, as is given in Equation (2.2) and (2.3) and illustrated in Figure 3. Operating at a
higher COC reduces the blowdown rate. The makeup rate is asymptotically limited by the

evaporation rate, because the evaporation rate is dependent on the conditions of the system and
the atmosphere.

E
~{coc—p @2)
u . E-COC. 23)
(coc-1)

300

Flow rate (m3/h)

30 -

Concentration ratio

—— blowdownrate ---- makeuprate —._.- evaporation rate

Figure 3: Makeup rate and blowdown as a function of COC.

The concentration of ions and inhibitors in a CWS is carefully monitored and regulated. The
holding time index (HTI) is defined as the time required for the concentration of an ion to dilute

to half of its original concentration within the systems volume (V). It is calculated with Equation
(2.4).

by 2 In@)-v
BD

(2.4)

Increasing the COC, when initially operating the CWS at a COC up to five, will reduce the water
demand. Increasing the COC above six has no effect on the water demand but it does still reduce
the volume of the waste stream and the amount of chemicals that is lost.

18



Theoretical background

2.2 Corrosion in agueous environments

2.2.1 Thermodynamics and Kinetics of iron corrosion

The deterioration of metal in an aqueous environment in case of corrosion is an electrochemical
process where the metal returns to its natural oxide state. Corrosion occurs if an electrochemical
corrosion cell is established. This cell comprises an anode, a cathode, a ionic current path, and an
electronic path, as is shown schematically in Figure 4. The anode generates electrons and
positively charged metal ions in an oxidation reaction. The cathode consumes electrons in a
reduction reaction.

The anodic oxidation reaction of a metal in general:

M —>M" +ne” (2.5)

The cathodic reduction reaction in natural waters of neutral or alkaline pH, is dominated by the
oxygen reduction reaction:

0, +2H,0+46” — 40H" Eo=+0.40V SHE (2.6)

The ionic current path is established in a conducting electrolyte. The electronic path transfers the
electrons from the anode to the cathode, establishing an electric current. The driving force of the
electrochemical corrosion reaction is the electrical-potential difference between the anode and the
cathode, and causes current to flow between the anode and the cathode.

Electrolyte
providing ionic
current path

W

Metal Anode Cathode
providing Fe — Fe? +2e 0, +2H,0 +4e0 — 40H
electronic path Fe?* — Fe* +e

Figure 4: Schematic corrosion cell of iron in an aqueous environment.

The electrochemical processes can be displayed in a thermodynamic framework based on
equilibrium equations. Based on these thermodynamic equilibria, the electrode potential can be
plotted in a graph against a chosen factor, pH or temperature for example. The graph will show
the conditions of thermodynamic stability based on the lowest free-energy state for the reactions
considered. Figure 5 is a simplified potential-pH equilibrium diagram for iron-water from
Pourbaix [21].
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-1.2 immunity

-1.6

0 2 4 6 8 10 12 14 pH

—-—.- oxygenabsent -——- oxygen present

Figure 5 Simplified theoretical potential-pH diagrams for iron in water, with the experimental equilibrium potentials
in the absence and in the presence of oxygen (based on diagrams in [21]).

Three type of domains or particular types of stability can be distinguished, namely corrosion
(stability of a dissolved species), immunity (stability of the metal), and passivity (stability of solid
oxides or salts) [22]. The dashed lines ‘a’ and ‘b’ indicate the stability domain of water, which is
defined by the electrochemical reactions of hydrogen evolution and oxygen reduction according
to Equation (2.7) and (2.8).

2H*" +26" > H, Eo=00VSHE  (2.7)

0, +4H" +4e” — 2H,0 Eo=+1.23V SHE (2.8)

Series of experiments have been performed to examine the behavior of iron in various aqueous
solutions and under various conditions of pH and electrode potential to determine domains of
corrosion, immunity and passivation, and to compare this with the theoretically established
diagrams [21]. Figure 5 represents the results from experiments by Pourbaix [21] of iron in
solutions free from oxygen and in solutions saturated with oxygen at atmospheric pressure. The
presence of oxygen increased the potential of iron. The potential of iron is even raised to the
passivation domain at pHs above 8. Evans [23,24] had already proven that iron, in a solution that
contains oxygen, is passivated by an oxide film and that differential aeration increases the
corrosion rate in the non-aerated regions. Mayne and Pryor [25,26] reported that the electrode
potential of iron increases in the presence of oxygen in the solution. In an aerated solution, a thin
film of Fe,O3 is formed, which institutes the development of positive potentials. It is believed that
this film eventually becomes impervious to oxygen and to ions, establishing protection against
corrosion.
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Theoretical background

Thermodynamic calculations or potential-pH diagrams are useful as a first study of the expected
stability domain, but do not provide information on the reactions rates or the transformation
process from iron to an iron oxide. The two common oxidation states for iron are Fe(I1) and Fe(l11),
ferrous and ferric iron, respectively. Ferric iron is the stable oxidation state in aqueous solutions
in equilibrium with the atmosphere.

Before stable oxide products are formed, the transformation of the iron in the steel surface
undertakes different electrochemical reactions. The Fe?* ion is the initial product created by the
anodic dissolution reaction of steel:

Fe — Fe?* +2¢” Eo=-0.44V SHE (2.9)

which can either form simple salts with most anions or it forms the first hydroxide, Fe(OH).
(ferrous hydroxide). The reaction in Equation (2.9) is complemented by the cathodic reduction
reaction of oxygen given in Equation (2.8), resulting overall reaction:

2Fe+0, +2H,0 — 2Fe(OH), (2.10)

Fe(OH); has a low solubility product, as is given in Equation (2.11). Therefore, Fe(OH)- is formed
close to the metal surface and deposited on the surface. Ferrous hydroxide is however unstable in
a solution that is in equilibrium with the atmosphere and is therefore further oxidized to form
Fe20s - nHO (hydrous iron(l11) oxide), FeO(OH) (iron(l1l) oxide hydroxide), Fe,Os; (anhydrous
iron(l1Noxide) or FesO4 (Magnetite). Fe;04 is stable in oxygen limited environments. The reaction
to form Fe;0; - nH,0 is given in Equation (2.12).

K = (age )@y, )? =1.64x107 at 18°C (2.11)

2Fe'' (OH), +20H™ = Fe" ,05-H,0 + 2H,0 + 2¢” (212)

FeO(OH), Fe.03 and Fe3O4can form coherent adherent layers on the metal that passivate the metal
by inhibiting the transport of reacting species between the metal and its environment, called a
passivating layer or passive film. Cohen [27] proposed several models of passive film on iron and
Strehblow [28,29] confirmed that for iron an inner Fes;O4 film is followed by Fe,Osz with the
possibility of FeO(OH) on top in alkaline solutions.

For the formation of a protective passivating layer it is key that the ferrous ions precipitate
immediately and rapidly at the surface and get further oxidized to protective ferric compounds.
This requires a sufficient supply of oxygen. This supply of oxygen to the metal surface layer is
slow unless the velocity of water relative to the metal surface is sufficiently high. The corrosion
of steel in air-saturated water is under diffusion control of dissolved oxygen because of the limiting
concentration and diffusion coefficient of oxygen, and because of the rapid corrosion reaction
when oxygen reaches the steel surface. The reaction rate of the oxygen reduction reaction is
strongly pH dependent and is highest in an alkaline environment. The unavailability of dissolved
oxygen due to limiting diffusion can result in unprotective Fe?* products.
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Theoretical background

2.2.2 Localized corrosion

Two types of localized corrosion are pitting corrosion and crevice corrosion. Pitting is a highly
localized form of attack that often results in small anodic sites where holes are created that can
penetrate deep into the metal. Failure of the passive film or the formation of concentration cells
under a deposit can result in pitting. Pitting can be induced by halide ions, most commonly by the
Clion. Its unpredictable behavior can cause sudden failure of the metal. Crevice corrosion occurs
in crevices where the solution is often stagnant. Figure 6 provides an overview of the possible pit
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Figure 6: Variation in the cross-sectional shape of pits. (a) Narrow and deep. (b) Elliptical. (c) Wide and shallow.
(d) Subsurface. (e) Undercutting. (f) Shapes determined by microstructural orientation. [30]

2.2.3 Water parameters affecting corrosion

Although corrosion of mild steel in aerated water proceeds by the action of dissolved oxygen, the
rate of the reaction is affected by multiple parameters. The water quality parameters that especially
affect the corrosivity of water are pH, DO, hardness, alkalinity, TDS, natural organic matter

concentration, iron concentration, silica concentration and CI, and SO3 ions [1,31,32]. CI, and

SO?{ are aggressive ions that interfere with the protective film and enhance localized corrosion.

Insoluble ferric ions (Fe**) can form porous layers of rust resulting in fouling. Silicon dioxide
(Si0Oy), or silica, can form a tenacious silica scale that is hard to remove from the system. Organic
matter can foul the system, enhance the growth microbiology and cause under deposit corrosion.

Waters from which Ca?* and Mg?* have been removed result in different corrosion behavior than
waters that still contain hardness. Normally, water that has sufficient hardness and alkalinity will
result in CaCQg; precipitation at the cathodes. This layer of scale acts as a barrier against the
diffusion of oxygen and against electron transfer. On the other hand, it has been established that
bicarbonate in the absence of Ca?* can act as an inhibitor to corrosion of steel, as contrasted to the

accelerative effect of Cl- and SOE{ [32-34]. Indices have been developed that use the parameters
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mentioned at the beginning of this section to provide information on the scaling and corrosion
tendency, which will be discussed in section 2.3.1.

Besides the water quality parameters, the effect of liquid velocity on the corrosion rate is also
important to take into account. According to several studies, the critical velocity above which the
corrosion rate decreases, because of the supply of oxygen for the formation of a passive film, is
about 0.7 m/s [35,36]. On the other hand, high water velocities can prevent the formation of
passive films through the action of shear stress.

2.2.4 Corrosion inhibitors

Treatments against electrochemical corrosion involves eliminating at least one of the four
requirements of the electrochemical cell, described in Section 2.2.1. Corrosion inhibitors are
chemical substances that are used to reduce the corrosion rate. Corrosion inhibitors can have three
common actions on an iron surface. First, the inhibitor can directly oxidize the ferrous ions to a
stable ferric oxide near the metal surface. Second, the inhibitor can catalyze the reaction of oxygen
with the ferrous ions. Third, the inhibitor can adsorb onto the surface to from a barrier or adsorb
onto the oxide layer to strengthen the protective film.

Another way of categorizing corrosion inhibitors is by subdividing the inhibitors in three
categories, namely anodic inhibitors, cathodic inhibitors, and film-forming inhibitors. Anodic
inhibitors interfere with the anodic reaction and are applied to prevent dissolution of the metal and
to prevent aggressive ions from reaching the metal surface. Although anodic inhibitors enhance
the formation of a protective oxide layer, a minor defect in the oxide film creates small anodic
sites that suffer from high corrosion rates, which results in pitting. Cathodic inhibitors interfere
with the cathodic reaction and are applied to prevent electron transfer at the cathode and the
reduction of oxygen. Mixed inhibitors, which are mostly organic inhibitors, provide a protection
mechanism that relies on the adsorption of the inhibitors, this can be either physical adsorption,
chemisorption or film formation. Chemisorption is more effective than physical adsorption
because it is non-reversible in many cases [37]. Adsorption relies on the structure of the inhibitor,
the surface charge of the metal, and on the type of electrolyte [38]. Just like in the case of anodic
inhibitors, minor defects can result in high corrosion rates.
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Figure 7: Classification of inhibitors (based on diagram in Uhlig’s Corrosion Handbook [38])

Most corrosion inhibition programs rely on more than one type of inhibitor. A combination of
different inhibitors can reduce the total dose required. Effective inhibitors for SACW could
contain molybdate, zinc, amines or phosphonates. These inhibitors can be toxic at the required
concentrations, while phosphorus and nitrate containing inhibitors stimulate undesired
microbiological growth in the CWS and cause eutrophication of the environment. The debate on
silica as corrosion inhibitor is mature but still ongoing, since the silica chemistry is complex and
different for each type of water.

The selection of inhibitors for the corrosion experiments in this research was based on the criterion
of non-toxicity for the environment and on the availability for the experiments. The first selected
inhibitor was the organic film forming inhibitor created by Novochem Water Treatment called
NovoTraqua® (NT), and the second inhibitor was Na,SiO; - 5H,0 of Sigma Aldrich (>95.0%).
Additionally, a Conventional All Organics (CAO) inhibitor was used, as this type of inhibitor is
common for alkaline environments.

Organic inhibitors often contain one or more of the heteroatoms, N, O, S, P, or Se, through which
the inhibitors anchor to the metal surface [38]. These functional groups act as an adsorption center
in the inhibitor molecule and adsorbs to the metal surface. NT is an organic inhibitor that relies on
both physical adsorption and chemisorption. It protects the metal by blocking and by hydrophobic
effects. The heteroatom of this inhibitor is O and the anchoring functional group is — COO". The
polar heads of the surfactants orientate towards the metal surface, resulting in outward facing
hydrophobic groups that repel the cooling water An important benefit of NT is its biodegradability
and its non-toxicity. The standard NT product contains phosphonates at a concentration of 7.08%

totaI—POﬁ‘.
All-organic treatment programs frequently incorporate phosphonates, which are very stable and

can operate at high alkalinities [39,40]. Phosphonates can act as both anodic inhibitor, by
catalyzing the oxidation of Fe(OH)., and as cathodic inhibitor, if calcium or magnesium is present,
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to form a scale barrier film. So the efficiency of corrosion inhibitors containing phosphonates in
SACW cannot rely on the cathodic inhibitor function.

Sodium silicate, or waterglass, is a corrosion inhibitor for soft waters that is appropriate in terms
of non-toxicity, non-phosphate, cheap and available [41]. Silica provides protection to iron by
forming an amorphous silica film which prevents the iron from dissolution. Lehrman and
Shuldener [42] state that solid corrosion products of the metal must be present before silica is
taken up from the solution. The negatively charged siliceous species react with the positively
charged iron ions. Despite its application, the inhibitive effects and mechanisms of sodium silicate
as corrosion inhibitor are not well understood and research is ongoing [40].

2.3 Corrosion measurements

2.3.1 Corrosion indices

No general corrosion index for predicting corrosion rates is available although several attempts
have been made. The developed indices often apply to specific cases only or are based on the
assumption that CaCOs scale formation, as a protective layer on the metal surface, is possible. In
the case of soft water, where the Ca?* and the Mg?* ions are removed, the corrosion indices based
on scale formation are not suitable. This is also true for one of the most common saturation indices,
the Langelier index [8].

There are a number of water quality parameters that must be considered in the development of a
corrosion index or a series of indices. These include: hardness, alkalinity, carbonate, carbon
dioxide, pH, chloride, sulfate, ionic strength, conductivity, TDS, color, hydrogen sulfide, buffer
capacity, phosphate, silicate, DO, chlorine (free or combined), and temperature [7]. The corrosion
index must be designed so that the protective mechanism for a given water would predominate in
the calculation of the index.

Two corrosion indices that may be used as a rough estimate for the corrosion susceptibility are the
Larson-Skold index [9] and the Riddick index [10], which describe the corrosivity of water on
empirical bases. The Larson-Skold index (LSKI) is established on an empirical relationship
between polarization tests and mass loss determinations and is confirmed by Stern and Geary [43].
The study by Larson and Skold revealed a corrosivity relationship between the inhibiting property
of bicarbonate and the chloride and sulfate concentration, given in Equation (2.13) where all
concentrations are expressed as mg CaCOs/L.

(s = LS50 ] 213
| Heoy |+ co3 | (213)
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The index can be interpreted by the guidelines given in Table 1.

Table 1: Interpretation guidelines for the LSkl

LSkl Indication

<08 chlorides and sulfate probably will not interfere with natural
film formation

08-12 chlorides and sulfates may interfere with natural film
formation and higher than desired corrosion rates might be
anticipated

>1.2 the tendency towards high corrosion rates of a local type

should be expected as the index increases

The Riddick Index is also an empirically developed index but takes more factors into account that
contribute to or that can mitigate the corrosion. The values obtained applied well to the soft waters
of the eastern seaboard of the United States but not to harder waters of the middle part of the
country [7]. The total hardness is defined by the calcium (Ca?*) and the magnesium (Mg?")
concentration as equivalent parts per million CaCO:s.

RI = E[c:o2 +1 (Hardness — Alk) + CI~ +2N ](ﬂj( DO+ 2] (2.14)
Alk Sio, )\ Sat.DO
Where
CO2 Free CO. Concentration (mg/L)
Hardness Hardness (mg/L as CaCOs)
Alk Alkalinity (mg/L as CaCOs)
CI Concentration (mg/L)
SiO2 Concentration (mg/L)
N Concentration (mg/L)
DO Dissolved oxygen (mg/L)
Sat.DO Oxygen saturation at atmospheric pressure (mg/L)

Table 2: Interpretation guidelines for the RI

RI Indication

0-25 non-corrosive

26-50 moderately corrosive
51-75 corrosive

>75 very corrosive

Pisigan and Singley [32] proposed to combine the composite effect of pH and alkalinity into one
parameter, the buffer capacity §. The attempt was made to relate the buffer capacity to the

corrosion rate, but no definable relationship was found.
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2.3.2 Mass loss measurements

The average corrosion rate over a specific period of time can be calculated by measuring the mass
loss of the specimen before and after immersing it in a corrosive environment and is calculated
with Equation (2.15). The corrosion products need to be removed by etching before weighing. The
duration of the tests depends on purpose of the test. Common testing periods for laboratory
immersion corrosion testing of metals is 1 to 10 days. [44]

n_ KW

=— 2.15
ATd ( )

Where:

K = a constant for calculating the corrosion rate in the right units;
=3.45 x 106 for mpy

=8.76 x 10*for mm/y

=mass loss in g, to the nearest 1 mg (corrected for any loss during cleaning)
= area in cm? to the nearest 0.01 cm?

= time of exposure in hours to the nearest 0.01 h;

= density in g/cm?® which is 7.86 g/cm? for carbon steel.

2 4> <

Corrosion inhibitors are generally applied to decrease the corrosion rate. The efficiency of the
corrosion inhibitors is calculated with Equation (2.16).

(2.16)

Where w, is the corrosion rate in the absence of inhibitor and w is the corrosion rate in the same

environment in the presence of the corrosion inhibitor. The corrosion rates can be expressed in
mils per year (mpy) or millimeter per year (mm/y) for example.

2.3.3 Voltammetry

Voltametry is a category of electroanalytical methods that can obtain information on the corrosion
behavior of a metal sample by controlling the potential and measuring the resulting current density
in a corrosion cell comprising of two or three electrodes. The potential of a system has to be
measured to a certain reference, which requires a reference electrode (RE). One type of
conventional reference electrode is the Saturated Calomel Electrode (SCE) that has a reference
potential of +0.241 relative to the Standard Hydrogen Electrode (SHE). The corrosion potential of
a system is determined by measuring the open circuit potential (OCP) that exists between the
metal sample, which is the working electrode (WE), and the reference electrode. In
potentiodynamic polarization tests, the potential is changed in a controlled manner using the WE
and RE, while the resulting current density is monitored using the WE and an auxiliary electrode
(AE). Common materials for auxiliary electrodes are graphite and platinum.
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Current density versus potential plots are established by polarizing the WE by an external source,
the potentiostat. The obtained anodic and cathodic polarization curves establish the Tafel-plot of
which an example is given in Figure 8. The corrosion potential and current can be determined at
the intersection of the linear derivative of the anodic and cathodic branch in the Tafel-plot because
the corrosion rate depends on the equilibrium kinetics of the oxidation and reduction reactions.
Faraday’s law describes the linear relationship between the corrosion rate R (or metal dissolution
rate) and the corrosion current i, as is given in (2.17).

M .
R= ﬁ leorr (2.17)

Where M is the atomic weight of the metal, n is the charge number, F is the Faraday constant, and
p is the metal density.

The resulting polarization curves show the corrosion behavior under cathodic or anodic
polarization, and indicate the regions of immune, active, passive, transpassive behavior, as is
shown in Figure 9.

Cyclic voltammetry is a cyclic potentiodynamic polarization (CPP) test in which the potential is
reversed after reaching a potential or current density setpoint. CPP tests are performed to evaluate
the susceptibility to pitting initiation and propagation. A large increase in the current density marks
the initiation and propagation of localized corrosion, which is called the breakdown point. The
potential is reversed after the local breakdown of the passivity. If the specimen is able to
repassivate after the breakdown, the current density will also decrease again. If the specimen is
not able to repassivate, the current density will remain high with decreasing potential. Increasing
the potential without breakdown of the passivity, oxygen evolution as in Equation (2.8) can be
observed. The possible CPP curves are described in Figure 10, where Eqop is the OCP, Ey is the
breakdown potential and E; is the repassivation potential.
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Figure 10: Hypothetical CPP diagrams where a) the sample is repassivated after local passivity breakdown, b) the
sample is not repassivated after local passivity breakdown, and c) the breakdown point is not reached and oxygen
evolution occurs.
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2.3.4 Surface analysis

Different surface analyses techniques are useful for a better understanding of corrosion behavior
and for verification of results obtained by mass loss tests and electroanalytical methods. Scanning
electron microscopy (SEM) in combination with energy dispersive spectroscopy (EDS) is a
common method in corrosion research used to study the surface morphology and to determine the
composition of the top layer of the specimens on a microscale. SEM/EDS collects information of
the sample its surface by scanning the surface with a focused beam of electrons in a vacuum
chamber. The beam of electrons excites the atoms of the specimens surface resulting in a
characteristic backscatter of electrons released by the specimen, which gets translated to an image
or elemental analysis based on the energy that is transmitted by the electrons of the exited atoms.
SEM could create images from nanosized areas because this surface analysis technique does not
rely on the magnifying power of an objective lens. While SEM is used to create images, EDS is
used for the elemental analysis of the surface of a sample. (E. Reinton, personal communication,
March 1, 2018)

Another advanced surface analysis method is X-ray diffraction (XRD). This method can determine
the crystalline structure of the top layer of a specimen. A beam of send X-rays gets diffracted by
the top layer of the specimen and the angles and intensities of the reflected beams are used to
identify the crystalline structure. Amorphous layers will not diffract the X-rays in an identifiable
pattern. (R. Hendrix, personal communication, September 27, 2017)
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3 Synthetic Cooling Water

The lab experiments that tested the corrosion behavior of mild steel in CWS were executed in
water that resembled the main characteristics cooling water. Three different types of cooling water
were considered for the experiments, actual cooling water from on-site, lab-concentrated surface
water, and synthetic cooling water. The first option, actual cooling water, could have been
obtained from a site in the Botlek operated by Evides Industrial Water. The second option,
concentrated surface water, could have been obtained by applying small scale treatment steps to
surface water, followed by a concentration step by means of a reverse osmosis (RO) membrane.
The surface water was available from a pipeline that transported water to the laboratory from a
nearby major water canal. The surface water would have been concentrated by recirculating the
concentrate stream from the RO membrane to reach the desired concentration ratio. The third
option, synthetic cooling water (SCW), comprised ultrapure water as a base matrix and a well-
defined dosage of different salts.

The two key criteria for selecting the type of cooling water that would be used in lab experiments
were repeatability and representability. An additional criterion was self-sufficiency. Out of the
three options, SCW was selected based on these criteria. This chapter describes how the SCW was
produced, what the characteristics were and how the calculations compared with the results
calculated by the software PHREEQC with the proposed synthetic water composition as input file.

3.1 Materials and Methods

3.1.1 Synthetic cooling water production

The composition of the SCW was derived from the composition of Dutch surface water. Table 3
gives an overview of the main water constituents of three surface waters in the area that are
indirectly used for cooling water. Based on the values of these three water bodies, values for
synthetic surface water were selected. The COC determined with what ratio the ion concentrations
of the SSW must increase to obtain SCW. Depending on what COC was selected the desired ion
concentrations and therefore the required salt dosages could be calculated. The procedure for
making SCW was based on the Dutch protocol for preparing synthetic laboratory samples [46], a
guidance on metals in aqueous media [47], and a standard for the preparation of substitute ocean
water [48].
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Table 3: Main water composition of the river Meuse at Keizersveer (RIWA), the surface water reservoir Peterusplaat
(Evides), the surface water reservoir Braakman (Evides) and the selected guideline for the SSW composition.

Keizersveer Petrusplaat Braakman SSW
pH ) 7.94 8.53 8.02 -
Temp (°C) 13.2 124 13.2 -
EC (uS/cm at 20°C) 472 419 572 564
TOC (ma/L) 4.8 4.1 8 5.1
HCOs (mg/L) 169 126 194 145
Na* (mg/L) 315 32 38 32
K* (mg/L) 6.6 6.4 12 8
Ca* (mg/L) 58.1 49 74 60
Mg?* (mg/L) - 7.3 10 8
NH4* (mg/L) 0.145 0.06 0.03 0.1
CIr (mg/L) 448 455 66.4 46
SO4* (mg/L) 50.3 50 56 52
NOs’ (ma/L) 145 10.3 13.7 13
P-tot (ma/L) 0.39 0.3 0.013 0.35
Fe-tot (ma/L) 0.61 0.013 0.04 0.1
Mn (mg/L) 0.674 0.01 0.01 0.01
F (mg/L) 0.229 0.21 0.2 0.21
Br (mg/L) 0.0935 0.08 - 0.09
SiO2 (ma/L) 2.56 2.1 1.7 2.2

The total organic carbon (TOC) in the SCW was simulated by dosing humic substances.
Commercial humic substances, like sodium humic acids of the brand Sigma Aldrich, are
considered inappropriate for the simulation of surface water [49]. As an alternative, the product
HumVi was used. This is a concentrated and desalinized product from the regenerate stream of
the ion exchange process in the drinking water production line of Spannenburg, Vitens N.V. and
is high in fulvic acids. Fulvic acids are the main form of humic substances in surface waters [50].
Additional information on HumVi is provided in Appendix A. Although the remaining salt
concentration of HumVi is low, it is accounted for in the calculation of the required salt dosages
of the SCW.

The different ions in the SCW can precipitate under certain conditions. lIron, manganese, calcium
and magnesium precipitate at a high pH, whereas the solubility of silica in water increases above
pH 8 [51]. In case SCW with a COC of 10 is prepared containing all components listed in Table
3, multiple stock solutions have to be prepared that favor the solubility of the different
components. These stock solutions are at least a tenfold more concentrated than the SCW that is
used in the experiments. This means that when a COC of 10 is used in the experiments, the stock
solutions must be at least a COC of 100. These solutions are prepared with high purity chemicals
and ultrapure water, as is summarized in Table 4.
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Table 4: Chemicals used to create the stock solutions to produce SCW.

Brand Purity Molar mass
() (%) (g/mol)

Stock sol. A

NazSO04 Sigma Aldrich >99.0 142.04
NaCl VWR >99 58.44
NaNOs Sigma Aldrich >99.0 85.00
KCI Sigma Aldrich 99.0-100.5 74.55
NasPO4 Sigma Aldrich 96 163.94
NaF Sigma Aldrich >99 41.99
NH4HCOs3 Sigma Aldrich >99.5 79.06
NaBr Sigma Aldrich >99.5 102.89
HumVi Vitens See App. A -
Stock sol. B

NazSiOs - 5H.0 Sigma Aldrich >95.0 212.14
NaOH Sigma Aldrich >97.0 40.00
Stock sol. C

FeCls - 6H20 Sigma Aldrich >98 270.30
MnSQO4 - H20 Sigma Aldrich 99.0-101.0 169.02
CuSOq4 Sigma Aldrich 98 159.61
H2S04 Sigma Aldrich 95.0-98.0 98.09

Three stock solutions were proposed:

- Stock A: Bulk solution with soluble salts;
- Stock B: Silicate solution with raised pH;
- Stock C: Transition metals solution with lowered pH.

The preparation of the stock solutions was done in volumetric flasks. The volumetric flasks were
acid-cleaned and rinsed with demineralized water. The mass of the chemicals was determined on
a mass balance with a minimum display of 0.01 mg. The chemicals were dissolved in the
volumetric flasks that was filled for 90% with ultrapure water. The pH of the water for stock
solution B and C was adjusted, with NaOH and H>Sos respectively, before the other chemicals
were dosed. After the last dosage, the flask was filled up with ultrapure water to reach the 100%
of the required volume. The solution was mechanically mixed by a magnetic stirring rod during
the dosages of the chemicals and another 24 hours afterwards. The stock solution was stored in a
glass bottle that was closed to the surrounding air, in the dark, at approximately 4°C until use, and
during a maximum of two months.

The three stock solutions were diluted and mixed upon usage to the desired COC. The mixture
was left to age for 24 hours under continuous mixing and was used for a maximum of 1.5 weeks
in the experiments. The SCW mixture required aeration with air from the atmosphere to ensure
that the concentration of dissolved oxygen reached 100% saturation and that a CO; equilibrium of
an open CO»-system was reached.
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The stock solution and the mixture were analyzed for pH, electrical conductivity (EC) and
concentration of the components. lon chromatography was used to measure the concentration of

Ca?*, Mg®*, Na*, K*, NHj, F, CI, Br, NO,, NO3, SOZ” and PO~ by means of the 883
Basic IC Plus in combination with the 881 Compact IC pro of the manufacturer Metrohm. Total
carbon and inorganic carbon measurements were used to determine the TOC by means of the
TOC-V CPH in combination with the ASI-V of the manufacturer Shimadzu. The iron and copper
concentrations were measured using Merck Millipore test kits and the silica concentration was
measured using Hach Lange test Kit.

The calculations of the EC were based the Nernst-Einstein equation that relates the molar limiting
conductivity and the diffusion coefficient for a given ion. The method of Appelo [52], who adapted
this equation, was used to calculated the EC. The EC-values of the water at different temperatures
were corrected using linear Taylor expression obtained from the non-linear compensation model
and the parameters of Atkins [53], resulting in the following more simple equation:

EC;

= (3.1)
(1+0.020(T — 25))

ECyg

The aqueous solution must be electrically neutral. Because the SCW was based on surface water
composition reports of which the reported values may have an electrical imbalance, the resulting
SCW may also have an electrical imbalance. The charge-balance error (CBE) is calculated
according to Equation (3.2) and a CBE of 5% or less is acceptable [54].

CBE ant?ons —|Z anfons| 100 (32)
antlons+|z anlons|

3.1.2 PHREEQC

The water in a CWS is in contact with the atmosphere and changes temperature when passing the
heat exchanger or during the evaporation process. The water quality is therefore rather dynamic.
The SCW used in the lab experiments to test corrosion was under constant conditions. The
outcomes of the PHREEQC model helped to verify whether a sound composition was selected for
the concentrated SCW, whether the calculations were correct and what kind of precipitation
products were to be expected. The precipitation products are based on the equilibrium phases
specified in the PHREEQC database.

The pH is initially provided in the input file but is corrected by the partial pressure of CO, for an
open system. The CO; concentration of the water exiting the piping system and entering the free
atmosphere of the cooling tower is 800 ppm [55]. The partial pressure used in the input file is
therefore 103! atm. The evaporation or the increase in COC is simulated by removing stepwise
moles of water from the solution. The PHREEQC input file can be found in Appendix B.
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3.2 Results and Discussion

3.2.1 SCW composition

It was decided that the SCW would resemble cooling water with a COC of 10. Advanced makeup
water treatment would only be economically viable if high COCs are possible. The high ion
concentrations and the resulting high pH level of cooling water with a COC of 10 would make it
interesting to research the corrosion behavior and seek for alternative treatment opportunities.

Some simplifications were made in the final composition of the SCW. In practice, strong cation
exchange (CIEX) could be applied to remove the hardness. For the composition of the SCW, it
was assumed that Ca?* and Mg?* were completely exchanged by Na* although CIEX does not have
a 100% exchange efficiency. The concentrations of Cu?* and Mn?" are very low and would
normally decrease even more after CIEX. Therefore, these ions were removed from the water
composition.

Another simplification was the removal of HumVi from the initial SCW composition. TOC can
increase the solubility of compounds that would have precipitated without the presence of TOC.
The corrosion behavior of mild steel is also influenced by humic acids without knowing exactly
by what mechanism and under which conditions. Therefore it was decided that HumVi is not
included in the production of SCW.

The last component that was removed from the original composition was Fe**. Fe* ions precipitate
at the natural pH of the SCW. Electrochemical measurements would have been undesirably
affected by the precipitation products.

These simplifications resulted in a far easier procedure to produce SCW. First of all, a bucket was
filled with 20 L ultrapure water. Subsequently the different chemicals and their dosages, as
summed up in Table 6, were put in a small container. At last the dry mix of chemicals was slowly
added to the water while the water was continuously stirred.

The final composition of the SCW is presented in Table 5 and the dosages to make this
composition is given in Table 6. The carbonate equilibrium was selected at pH 9.5 and at 20°C,

which resulted in 0.1% H,CO3, 88.3% HCO; and 11.6% CO%‘ based on the equilibrium equations

of Harned and coauthors [56,57]. The CBE for this composition is -0.36% which is a good
equilibrium of the charges.
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Table 5: SCW composition with a COC of 10. Table 6: Dosages for SCW with a COC of 10.
pH ) 9.12>94 Dosage
Temp (°C) 20 (mg/L)

EC (mS/cm) 44> 45 NazSOs 769

TOC (mg/L) 0 NaCl 639

HCOs  (mg/L) 1251 NaNOs 178

Na* (mg/L) 1166 KCI 153

K* (mg/L) 80 NazSiOs - 5H2.0 73

Ca* (mg/L) 0 NasPO4 6.0

Mg?* (mg/L) 0 FeCls - 6H20 0

NHs*  (mg/L) 1.0 NaF 4.4

cr (mg/L) 460 NH4HCOs 4.4

S04 (mg/L) 520 NaBr 1.2

NO3 (mg/L) 130 NaHCOs3 1722 1601
P-tot (mg/L) 35 Na2COs 292 > 366

Fe-tot (mg/L) 0
Mn?+ (mg/L) 0
F (ma/L) 2.0
Br (mg/L) 0.9
SiO2 (mg/L) 20

3.2.2 PHREEQC

Actual mixtures, according to the dosages of Table 6, resulted in a pH of 9.1 and an EC of 4.4
mS/cm. These values were in line with the results from PHREEQC. The input values for the
solution and the eventual solution according to this model are given in Figure 11. Since the desired
pH for the corrosion experiments was 9.4, the NaHCO3 and the Na,COs dosages were adjusted to
1601 mg/L and 366 mg/L respectively.

Simulating the effect of higher COCs on the saturation indexes and the pH in PHREEQC resulted
in the graphs of Figure 12. The model gives an initial idea of possible scale formation that were
to be expected in experiments with the SCW. Ca?* and Mg?* obviously cause large scaling
problems. Softening the water would reduce the risk of scaling. However, silica can cause a
persistent scale in both hard and soft water and it can form complexes with iron. Quartz and other
crystalline silica polymorphs exhibit slow precipitation kinetics, while amorphous silica or
silicates tend to precipitate rapidly as scale deposits via condensation polymerization [58]. An
elevated pH can increase the solubility and diminish the risk of scaling. Silica and silicates can
also be considered as corrosion inhibitors. This is a short and incomplete summation of the effects
of silica and silicates. Further research on the risks and benefits of silica in SACW is required,
especially on the precipitation of metal-rich amorphous silica and at elevated temperatures.
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SOLUTION 1

units mg/l

pH 5.4 Cozig) -3.1

temp 20

Llkalinity lszg as HCO2

Ha llce

E 20 pH = 5.112

Ca o pe = 4.000

Mg o] Specific Conductance (pSfcm, 20°C) = 435¢

Amm 1 Density {(g/cm?) = 1.0011%

Fe(+3) a Ly = 1.00Z2g3

Mn o] Leotivity of water = 0.%398

Cuf+z) 0O Ionic strength (mol/kgw) = S.795%e-02
Mass of water (kg) 1_000e+00

S(g) 520 & 504-Z Total carbon (mol/kg) = 2.33%e-02

Hi{+5) 130 #N03- Total COZ (molifkg) = 2.335e-0Z2

B 3.5 as PD4 Temperature ("C) = 20.00

C1l 4g0 Electrical balance (eq) T.485%e-04

F 2 Percent error, l00*(Cat—|Zn|)/(Catt+|BAnl) = 0.73

Br .9 Iterationa = 4

5i z0 as 5i0Z Total H = 1.110345e+02

END Total 0 = 5.580550e+01

Figure 11: PHREEQC input solution (left) and output characteristics (right).
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Figure 12: Impact of an increasing COC of SCW on the Saturation Index (SI) and the pH
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3.2.3 Corrosion indices

The LSKI and the RI were calculated for the surface waters mentioned in Table 3, for the SSW
and for the SCW. All waters were classified as moderately corrosive according to the LSkl and
the COC of the water did not influence the value as was expected from evaluating the equation.
An increase in the COC must however lead to an increase in the corrosion susceptibility as is
experienced in practice.

The values according to the RI showed great variation that could be linked to the hardness
concentration and alkalinity. The weight of ‘hardness — alkalinity’ in equation is too large for the

surface waters containing some hardness, even with the applied factor of %x%. Singley [7]

already stated that the index is not suitable for hard waters. In addition to this, it can be concluded
that the RI is neither suitable for corrosion estimations of mild steel in Dutch surface waters. The
RI for the SSW was classified as moderately corrosive while the RI for SCW was classified as
non-corrosive. In this case mainly due to the high alkalinity of SCW.

DO +2
Sat.DO
these systems and oversaturated when heated at the heat exchangers. The absence of oxygen is
beneficial for corrosion reduction, yet it should not be considered in this manner. The aim of
SACW is natural passivation which requires oxygen. Therefore oxygen should have a beneficial
effect on the corrosion reduction, and only if the water is oxygen saturated. Another element that

The

element in the index is not suitable for CWS since the water is oxygen saturated in

is missing in the RI is the effect of SOZ".

Although the limited application of corrosion indices was already stressed, it can be concluded
that the corrosion indices that appeared to be most suitable for SACW of all corrosion indices, are
unsuitable for corrosion estimations in this type of water.
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4 Mass loss tests

Laboratory immersion corrosion tests were carried out to gain fundamental knowledge on the
corrosion of mild steel in the SCW and the effect of different inhibitors on this corrosion process.
Mass loss tests are the most common of all corrosion-test measurements for determining corrosion
rates [59] and are widely applied in the field. Combining polarization resistance tests with mass
loss tests can give useful insights. Mass loss measurements provide information on the average
corrosion rate during a certain period, while polarization resistance tests provide information on
the change in the corrosion rate during this period. This chapter will focus on mass loss tests and
the subsequent surface analyses.

Two types of mass loss tests were defined in which the mass loss of metal coupons were
determined; 48 hours immersion and 4 weeks immersion. The 48 hours tests were to provide an
initial understanding on the corrosion behavior and are an uncomplicated method to generate an
overview on the inhibition efficiency of different inhibitors, concentrations and conditions. Mass
loss test should however run over longer periods of time to understand the development of the
corrosion rate. Therefore a 4 weeks immersion test was designed that would provide information
on the average corrosion rate per week during a period of four weeks.

This chapter describes first the coupon composition and coupon preparation, followed by a
description of the setup, the test solutions, the surface analysis method and at last an overview of
the procedures. The referenced standards that have been used as guidelines for creating an
laboratory immersion test setup were:

- G1 Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens
[60];

- G3 Conventions Applicable to Electrochemical Measurements in Corrosion Testing
[45];

- G5 Standard Reference Test Method for Making Potentiodynamic Anodic Polarization
Measurements [61];

- TMO0169/G31 Standard guide for laboratory immersion corrosion testing of metals [44].

4.1 Materials and Methods

4.1.1 Coupon preparation and composition

The 48 hours immersion tests involved coupons that were made from cold rolled steel with the
following composition (wt.%): 0.087 C, 0.375 Mn, 0.013 P, 0.013 S, 0.018 Si, and remainder Fe.
The specimens had the dimensions of 80 x 10 x1.5 mm. The steel surface was prepared by
mechanical wet grinding and polishing with silicon carbide paper of 320 to 1200-grit.
Subsequently, the coupons were ultrasonically degreased with acetone for 15 minutes, rinsed with
ethanol, rinsed with distilled water and dried in air. The mass of all the coupons was determined
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on an analytical balance to the nearest 0.1 mg before the coupons were partially isolated from the
environment with 3M™ polyester tape 8402 with silicone adhesive, leaving three circular areas
of in total an area of 2.36 cm? to react with the environment. The adhesive has a high chemical
resistance, also in anodizing environments [62], and is therefore suitable for the immersion tests.
The specimens were finally stored in a desiccator and used for an experiment within one hour after
storage.

The 4 weeks immersion tests involved standardized flat coupons with stamped identification
numbers from Metal Samples Co with the chemical composition (wt.%): 0.08 C, 0.330 Mn, 0.011
P, 0.009 S, 0.045 Al, 0.019 Si, and remainder Fe. The dimensions of the coupons were 72 x 94
x 1.3 mm. The coupons were cleaned according to the same procedure as described for the 48
hours tests. No polishing was required (Novochem and Nalco, personal communication, 2017).
For the 4 weeks immersion tests, the top 26 mm of the coupons, including the stamp, were isolated
with the polyester tape, leaving an area of 46 x 9.4 x 1.3 mm to react with the environment. The
dimensions of the exposed areas were determined with an accuracy of at least +1% by using a
digital Vernier caliper. Underneath the polyester tape, copper tape was applied to ensure a
conducting connection between the sample and the potentiostat for polarization tests.

After the required immersion time and corrosion product analyses, the coupons were etched in an
inhibited 3% HCI solution. The etching removed the corrosion product to unveil the metal surface
and to determine the actual mass loss, again on an analytical balance to the nearest 0.1 mg.

4.1.2 Setup

The 48 hours tests implied a simple setup of acrylic containers with 210 mL of solution that was
continuously stirred during 48 hours with a magnetic stirring bar. The metal surface of the coupon
coupon was immersed in the solution in such a way that the rim of the polyester tape hung 1 cm
under the water surface.

The setup for the 4 weeks immersion test consisted of six 2L polypropylene measuring jug in
which four coupons could be immersed. A schematization and a photo of the setup are given in
Figure 13 and Figure 14, respectively. The jugs were filled with a 1600 mL solution that was
continuously refreshed with SCW that was pumped from a 10L bucket into the jug by a 205S
Watson Marlow peristaltic pump. The pump had a capacity of twelve channels, of which six were
assigned for the influent flow and six were assigned for the effluent flow. The effluent was pumped
from the jugs into separate 2L polypropylene bottles. The hydraulic retention time was four days.
The influent was air saturated at 1 atm by aerating the influent SCW with an aeration stone and
stirring the water with a magnetic stir bar. All jugs were stirred with by the JLT6 jar test of Velp
Scientifica by means of a mechanical mixer that created an average velocity of 1 m/s at the outer
edges of the jugs. The minimum ratio of test solution volume to test specimen surface area of 0.20
mL/mm? was recommended by ASTM G31 [44]. With a total surface area of almost 1000 mm?
for the four coupons and a solution volume of 1600 mL, this recommendation was met.
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The measuring jugs were closed off with custom made lids, which included coupon holders,
openings to mount sensors, and an opening for the mechanical stirring rod. The spout was closed
off with plastic paraffin film. All material, other than the coupons, was made of plastic if possible.
This was to avoid glass contamination. The lids were designed in such a way that they would also
fit on the original glass beakers belonging to the JLT6 jar test. A photo of the jug and lid are given
in Figure 15 and Figure 16. The coupons were mounted to the coupon holders with a plastic screw
and nut, 3 cm above the water surface to avoid crevice corrosion. The length of the coupon holders
ensured that the coupons were covered with polyester tape at the height of the water-atmosphere
interface, to avoid water line corrosion. The coupon holders were located on the outer edges of the
lid while the sensors were located in the center of the lid.

The sensors measured the pH, EC and the temperature every hour. The water temperature was
manually regulated with a six position heating plate. Initial tests indicated that the temperatures
were not sufficiently constant since they could vary + 4°C among eachother. Therefore, the final
tests were run at a room temperature of 21.0 °C + 1.5°C and the heating plates were no longer
used.

> ]

@
©)

® influent SCW (®) aeration stone (® specimen holder
effluent water (@ stirbar specimen

() 10L bucket (® pH & temperature sensor (® mechanic stirrer
(@ 2L bucket (®© EC & temperature sensor heating plate

Figure 13: Schematic representation of the 4 weeks immersion test setup of a single jug.
(See Appendix C for the multiple jug setup schematization.)
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Figure 15: 2L Measuring jug with custom made lid. Figure 16: Custom made lid with fixed positions for
coupon holders, sensors, stirring rod and influent and
effluent syringes.

4.1.3 Test conditions

The experiments of the 48 hours immersion were started with four different solutions. Depending
on the results, more solutions would be tested and all tests would be executed in triplicates. The
four solutions that were tested in duplicates at first were:

- Blanc: only SCW,

- CAO: SCW with 200 ppm Conventional All Organics inhibitor;

- NT100: SCW with 200 ppm NT containing 100% of the original phosphorus concentration;
- Si200: SCW with 200 ppm SiO; dosed as Na,SiOs - 5H,0.
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These tests would have been followed up by immersion test with the following composition:

NT50: SCW with 200 ppm NT containing 50% of the original phosphorus concentration;
NT25: SCW with 200 ppm NT containing 25% of the original phosphorus concentration;
NT12: SCW with 200 ppm NT containing 12.5% of the original phosphorus concentration;
NTO:  SCW with 200 ppm NT containing 0% of the original phosphorus concentration;
Si300: SCW with 300 ppm SiO; dosed as NazSiOs - 5H20;

Si100: SCW with 100 ppm SiO; dosed as Na;SiOs - 5H20.

The solutions of the 48 hours experiments where not refreshed during those 48 hours. This was
different for the solutions in the jugs of the 4 weeks immersion tests. Those solutions were
continuously refreshed based on a hydraulic retention time of four days. The setup provided the
possibility of running experiments in six jars simultaneously. Therefore, four different solutions
were tested in triplicates during two months, namely Blanc, CAO, NT100 and Si200. The dosages
of the inhibitors were calculated based on the HTI. The HTI of the setup, with a volume of 1600
mL and a hydraulic retention time of four days, was 2.8 days. Figure 17 shows the development
of the inhibitor concentration over time if the inhibitor concentration decreases only due to SCW
inflow and inhibitor outflow with the effluent. The inhibitors were dosed directly in the jugs with
a Thermo Scientific Finnpipette. The inhibitors were dosed with a 24 hour interval, therefor the
dosages were based on the desired concentration after 24 hours. This means that the required
dosage for a system with a volume of 1600 mL and a desired concentration of 200 ppm, was 528
uL . A double inhibitor dosage was applied upon startup, as is common in practice to ensure full

protection by the inhibitor.

Inhibitor concentration development based on HTI

1200
—a— Startup dosage (ul)

Daily dosage (ul)

300

Inhibitor concentration (ppm)

-24 -12 0 12 24 36 48
Time (hours)

Figure 17: Inhibitor concentration development due to inflow of SCW and
outflow of inhibitor with the effluent.
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4.1.4 Surface analyses

The surfaces of the coupons were photographed and evaluated before immersion, after immersion
when the corrosion products were still visible, and removal of the corrosion products by etching,
which revealed the surface attack. The surface attack was categorized in uniform corrosion,
crevice corrosion and pitting corrosion based on visual inspection with 15x magnification when
necessary. The pitted surfaces were rated in terms of pit density based on the ratings in Table 7.
Differentiation was made between the outward facing surface and the inward facing surface.
Vertical cross-sectioning was required to determine the pit type as presented by Figure 6 [30],
however this was not part of the scope.

Table 7: Rating table for pit density.

Pit density
(number of pits/m?)
P-1 <4 x10°
P-2 <2 x10*
P-3 <8 x10*
P-4 <2 x10°
P-5 >2 x 10°

4.15 Procedure

The previous sections provide information on the coupon preparation, the setup, the test conditions
and the surface analyses. This section provides a stepwise overview of the actions for the mass
loss tests. The 48 hours immersion test was a simple test and its procedure is summed up below.

Coupon preparation as in Section 4.1.1;

Solution preparation as in Section 4.1.3;

The pH, EC and temperature of the solution were measured;
The coupon was immersed in the solution;

The coupon was removed from the solution after 48 hours;
The surface was photographed;

The tape was removed;

The surface was etched,

The mass of the coupon was determined,

10 The surface was photographed again;

11. Surface analyses was performed;

12. The coupons were numbered stored in small sealed bags.

© oo N Ok

The goal of the 4 weeks immersion test was to determine the average corrosion rate per week
during a period of four weeks based on mass loss, and to determine the corrosion rate after two
and four weeks. The results of the mass loss test and the polarization resistance tests were to be
compared. The procedure of the 4 weeks immersion test is summarized on the next page.
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At the startup of the 4 weeks immersion test:
1. Setup preparation as in Section 4.1.2;
Coupon preparation as in Section 4.1.1;
Solution preparation as in Section 4.1.3;
The pH, EC and temperature of the solution were measured,;
SCW was pumped through the entire setup;
4 coupons per jug were mounted to the lid and immersed in the solution;

o gk~ w

During the 4 weeks:

7. The pH, EC and temperature of the solution were measured ervery hour automatically and
manually every day;

8. One inhibitor dosage was applied every day around 3 PM;

9. One coupon per jug was replaced after 1 week and after 2 weeks of immersion;

10. The procedures 6 untill 12 of the 48 hour immersion test were followed for the removed
coupons;

11. All coupons were removed after running the setup for 4 weeks;

a) The coupons that were immersed for 2 and 4 weeks were eached moved to a
separate container with effluent from the correstponding jug and connected to the
potentiostat to run a polarization resistance test;

b) The coupons that were immersed for 3 and 4 weeks followed the procedures 6
untill 12 of the 48 hour immersion test;

At the end of the 4 weeks immersion test:
12. The setup is cleaned with acid and rinsed with distilled water.

All mass loss measurements were done in triplicates. Blanc, CAO and NT100 were tested during
the first run of four weeks with two jugs per solution. Si200, Blanc, CAO and NT100 were tested
during the second run. For this run, three jugs were assigned to the Si200 solution and the
remaining three jugs were assigned to the Blanc, CAO and NT100 solutions.

4.2 Results and Discussion

4.2.1 Mass loss measurements

The mass loss of mild steel coupons was studied in different solutions and in different set ups. No
visual corrosion of the coupons was observed in the 48 hours immersion tests. This can be related
to the protection of the mild steel by passivation, as will be further discussed in Chapter 5. The 4
weeks immersion tests did result in corrosion rates and inhibitor efficiencies, and will have the
main focus in this section.

The mass loss of mild steel coupons was determined every week during a period of four weeks.
Based on the mass loss measurements, the corrosion rates were calculated with Equation (2.15).
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The resulting corrosion rates of the coupons in the different solutions are summarized in Figure
18. The error bars indicate a two-sigma confidence interval. A maximum corrosion rate of 2 mils
per year (mpy) is an acceptable corrosion rate of mild steel in full scale CWS. However, this is
not a justifiable maximum corrosion rate for laboratory immersion tests. The corrosivity of the
solutions to mild steel should be determined in relative, rather than absolute, terms [63].

Corrosion Rate (mpy)
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Figure 18: Corrosion rates for Blanc, CAO, NT100 and Si200 at a weekly interval.

The solution without inhibitors, i.e. Blanc, had the highest corrosion rates, followed by CAO,
NT100 and Si200. This was conform the expectations because the addition of an inhibitor is
supposed to lower the corrosion rates. Additionally, CAO is not designed for soft water and
therefore provided only little protection against corrosion. The performance of NT100 was
unknown so far for soft water at a pH above 9.3. The result was that it cut the corrosion rate of the
Blanc solution by half. The inhibition efficiency of NT100 might have been higher if the
concentration of inhibitor was increased. With this knowledge, the voltamettric tests described in
the next chapter were carried out with higher concentrations. Si200 performed best of all inhibitors
and no silica scale was observed in the system. Si200 is therefore considered as an inhibitor that
is worthwhile to be further researched in soft alkaline cooling water conditions. The uncertainty
was too large to state that the corrosion rates of one of the solutions decreased or increased during
the four weeks period.

The inhibition efficiencies of CAO, NT100 and Si200 with respect to Blanc could be calculated
based on the corrosion rates with Equation (2.16). Again, the effect of the uncertainty of the
corrosion rates on the inhibition efficiency is too large to draw conclusions in terms of inhibition
efficiency.
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4.2.2 Surface analyses

Visual surface analyses were carried out to study the characteristics of the corrosion products
before etching and of the surface of the coupon after etching. The analysis focused on uniform,
crevice and pitting corrosion. It is possible that all three types of corrosion are found on a coupon.
A distinction was made between the outward facing side of the coupon (F) and the inward facing
side (B). Figure 19.a provides an overview of the number of coupons that exhibited uniform
corrosion and Figure 19.b of the number of coupons that exhibited crevice corrosion, respectively.
Figure 19.c provides an overview of the rating of the pit density based on the cut off values of
Table 7. Where P-5 is an indication for a high pit density and P-0 for a low pit density, respectively.
For each of the four solutions, twelve coupons were studied.

Although the uncertainty of the calculated corrosion rates was too large to state that the corrosion
rate of the coupons in the Blanc solution decreased, the tendency may be true and be explained by
the formation of a uniform protective layer of oxidation products. Mainly uniform corrosion and
little pitting corrosion was identified on the coupons of the Blanc solution. With the formation of
a uniform corrosion product on the steel surface, it is expected that the corrosion rate stabilizes
over time.

It is important to note that most mass loss results were biased by crevice corrosion. The coupons
in the Si200 solution suffered least from crevice corrosion, and also least from pitting corrosion.
Particularly the coupons in the CAO and NT100 solutions suffered from pitting corrosion and
partially or no uniform corrosion. Additionally, more uniform corrosion was observed on the
inward facing side of the coupons which is related to a difference in the flow along the metal
surface. Inserting coupons in a recirculating plug flow, like a corrosion rack, would diminish the
effect of different flows along the coupon surface. So the bias of crevice corrosion, the non-
corresponding types of corrosion among the coupons of the different solutions, and the difference
between the inward and outward facing sides, made it faulty to draw conclusions in terms of best
protection. It was right to conclude that calculating the inhibition efficiencies would be misleading.
Still, it can be concluded that the Si200 solution has the best inhibiting effect on mild steel
corrosion and further research on Si200 for this type of cooling water is recommended.

Electroanalytical methods in combination with surface examination were likely to provide more
insights on the performance of the corrosion inhibitors and enable comparison between the
different inhibitors. Since pitting was the main corrosion process in the solutions with an inhibitor,
CPP tests were selected to evaluate the performance of the inhibitors. CPP tests are discussed in
the next chapter.
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Figure 19: Results of surface analysis after immersion in terms of a) Uniform corrosion, b) Crevice corrosion, and
¢) Pitting corrosion. Distinction was made between the front/outward facing side of the coupon (F) and the
back/inward facing side of the coupon (B).
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5 Voltamettric tests

The behavior of mild steel in SCW in combination with different inhibitors and concentrations
has been studied by means of cyclic potentiodynamic anodic polarization measurements (CPP)
based on ASTM G61 [64]. This method provided an indication of the susceptibility to initiation
of localized corrosion. The more noble the potential at which the anodic current increases rapidly,
the less susceptible the alloy is to initiation of localized corrosion. The potential at which the
hysteresis loop is completed is another indication of the likeliness of localized corrosion to occur.
This chapter describes the experimental conditions and the results of the voltamettric tests in SCW.
The standards that have been used for the voltamettric test as reference material are:

- F746 Standard Test Method for Pitting or Crevice Corrosion of Metallic Surgical
Implant Materials [65];

- F2129 Standard Test Method for Conducting Cyclic Potentiodynamic Polarization
Measurements to Determine the Corrosion Susceptibility of Small Implant Devices [66];

- G1 Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens
[60];

- G3 Conventions Applicable to Electrochemical Measurements in Corrosion Testing
[45];

- G5 Standard Reference Test Method for Making Potentiodynamic Anodic Polarization
Measurements [61];

- G46 Standard Guide for Examination and Evaluation of Pitting Corrosion [30];

- G61 Standard Test Method for Conducting Cyclic Potentiodynamic Polarization
Measurements for Localized Corrosion Susceptibility of Iron-, Nickel-, or Cobalt-Based
Alloys [64].

5.1 Materials and Methods

5.1.1 Coupon preparation and composition

The experiments were carried out with specimens made from cold rolled steel with the following
composition (wt.%): 0.087 C, 0.375 Mn, 0.013 P, 0.013 S, 0.018 Si, and remainder Fe. The
specimens had the dimensions of 22 x 22 x1.5 mm. The steel surface was prepared by
mechanical wet grinded and polished with silicon carbide paper of 320 to 1200-grit and
ultrasonically degreased with acetone for 15 minutes, rinsed with ethanol, rinsed with distilled
water and dried with pressurized air. The specimen was partially isolated from the environment
with 3M™ polyester tape 8402 with silicone adhesive, leaving a circular area of 2.01 cm? to react
with the environment. The specimens were finally stored in a desiccator and used in for an
experiment within one hour after storage.
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Figure 20: Corrosion cell set-up, exploded view with water.
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5.1.2 Setup

The study was carried out in a three-electrode cell. The reference electrode was a SCE. The
auxiliary electrode was initially a stainless steel mesh but was replaced by graphite rods of at least
two times the surface area of the exposed surface area of the working electrode, as is prescribed
in ASTM G61 [64]. The results presented were attained with the graphite rod as auxiliary
electrode. The working electrode was the specimen as described above.

A variety of standard corrosion cells, to position the electrodes and to set up the polarization test,
are on the market. These are generally rather advanced to enable oxygen free corrosion tests. The
cells that were available in the lab did not facilitate mixing with a stir bar. Therefore, a self-made
corrosion cell was eventually used that consisted of an acrylic container with an electrode holder
mounted on the top to ensure fixed distance between the electrodes. A schematization of the cell
is given in Figure 20 and Appendix E.

Figure 21: Corrosion cell set-up, assembled view without water.
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5.1.3 Test conditions

The electrolyte was SCW either without inhibitor as base case, or with an inhibitor mixed at a
specific concentration. The same type of inhibitors were used as in described in Section 2.2.4. The
experiments were performed at least three times with the following type of solutions:

Blanc: only SCW;

NT100: SCW with 400 ppm NT containing 100% of the original phosphorus concentration;
NT50: SCW with 400 ppm NT containing 50% of the original phosphorus concentration;
NTO:  SCW with 400 ppm NT containing 0% of the original phosphorus concentration;
Si200:  SCW with 200 ppm SiO; dosed as Na;SiOs - 5H20.

Si100: SCW with 100 ppm SiO; dosed as Na;SiOs - 5H20.

The prepared specimens were immersed in a constantly stirred volume of 210 mL of one of the
solutions, and hung vertically 1 cm under the free surface of the solution for a total of 6 days at
room temperature. The 6 days of immersion were based on OCP measurements discussed in the
results of the next section. After these 6 days, the OCP of the electrochemical cell was measured
for at least 10 minutes. Consecutively, a CPP test was performed based on ASTM G61[64].

The applied potential of the CPP test started at -20mV vs. OCP, and increased in the more noble
direction with a constant potential scan rate of 1.2 V/h. The scanning direction was reversed at the
preset threshold current of 100 mA. This threshold current is one decade greater than the current
recorded at the breakdown point. When this condition was not met, the scanning direction was
reversed at the preset potential of 1.1 V. The reversed scan was stopped when the original OCP
value was reached again.

The OCP and CPP tests were carried out on potentiostats of multiple brands due to practical
reasons, although a single potentiostat was preferred for repeatability. The first potentiostat was a
Solartron 1287 potentiostat/galvanostat that was connected to Solartron 1281 mulitplexer. The
second one was a Solarton 1286 without a connection to a multiplexer. The third potentiostat was
a Autolab PGSTAT302N and the fourth was a Biologic SP-200.

5.1.4 Surface analyses

Post-test visual examinations of the surface were carried out to evaluate the type of corrosion, the
location of the corrosion and the dimensions of the eventual pits. This was done by simple
photographs and by inspection with a Keyence Digital Microscope with a vh-z100r/w/t Wide-
range Zoom lens (100-1000X). The SEM/EDS analysis were carried out using the JSM-1T100
from JEOL at high vacuum and the acceleration of the electron beam was 20.0 kV. The samples
were mounted to the specimens stage with conductive adhesive to prevent the accumulation of
electrostatic charge. The XRD analysis were carried out with a D8 Advance diffractometer from
Bruker using Cu K-a X-ray energy.

54



Voltamettric tests

5.2 Results and Discussion

5.2.1 OCP measurements

The duration of the specimen immersion, before a CPP was carried out, was based on OCP
measurements with the Solartron 1287 in the solutions Blanc, NT0 and Si200. OCP measurements
of eight days indicated a trend that confirmed the expected passivation development. No distinct
difference in the trend was observed between the different solutions. The change rate of the OCP
decreased the most during the first 36 hours. In a few cases, a drop in the OCP was measured
followed by repassivation. This occurred generally during the first two days. Based on the time
for the passivation to develop and the likelihood of a drop in the OCP during the first few days of
immersion, a low OCP change rate was expected at 6 days of immersion. Additional
measurements over a period of 6 days were executed to confirm this. Figure 22 provides an
example of the OCP development measured with the Autolab PGSTAT302N. The trend could be

described by a natural logarithm.
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Figure 22: OCP Development of mild steel immersed in SCW.
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Although the OCP values at the moment of immersion deviated from each other with
approximately 10 mV, the final OCP values after 6 days show a larger deviation. The OCP values
of all the samples that showed passivation behavior, have been summarized in Figure 23. The
average OCP values of all solutions are within each other’s range. So the inhibitors do not have a

significant influence on the final OCP value.

The standards and literature often recommend and use a stabilization period of one hour or a
maximum change rate, such as 3 mV/min as recommended by ASTM F2129 [66]. The specimens
reached this maximum change rate within an hour. However, the specimens would not have had
enough time to form a passivating layer on the surface before the CPP tests. CPP test that would
only test the inhibition efficiency of inhibitors, and not in combination with the natural passivation

of the metal sample, would require one hour of stabilization.
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Figure 23: Final OCP values after 6 days of immersion in different solutions.
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Figure 24: Three types of CPP curves: a) Passive behavior with breakdown of passivity; b) Active behavior followed
by passive behavior and breakdown of passivity; c) Passive behavior without breakdown of passivity.
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5.2.2 CPP measurements

The CPP measurements that followed the OCP measurements showed three type of polarization
curves, as shown in Figure 24. Figure 24.a shows a polarization curve that is characterized by a
vertical upward branch. Specimens that are sufficiently passivated start in the passivity domain
and show this type of polarization behavior. Figure 24.b shows an steep increase of the current
density at the beginning of the polarization scan, which can be related to specimens that are not
completely passivated and which therefore start in the active domain. The distinct feature of Figure
24.c is the reversed branch that developed on the left side of the upward branch. This behavior is
related to specimens where localized corrosion followed by breakdown of the passivity did not
occur. At high potentials, the oxygen evolution potential can be reached, resulting in the oxidation
of H,0 instead of the oxidation of the metal surface and therefore no breakdown of the passivity.

Active behavior, as in Figure 24.c, was often predicted before the CPP test. A small inhomogeneity
at the interface of the polyester tape and the free metal surface that was spotted with close visual
inspection with the naked eye, was an indication for active behavior. This was the case for 2 out
of 27 specimens. CPP tests confirmed these observations. Due to practical problems with the
potentiostats, the results obtained on the solutions NT100, NT50 and Si100 were not representative
and are not further discussed.

Most specimens showed the behavior of Figure 24.a, where the initiation and propagation of
localized corrosion occurred at potentials more electronegative than the oxygen evolution
potential. An overview of the CPP results for the solutions Blanc, NTO and Si200 is given in Figure
25. All upward anodic polarization scans showed similar slopes and metastability. The Blanc
specimens showed distinct pit initiations and repassivations, which were less distinct for NTO and
Si200. The reversed branch of three solutions is clearly different, although none exhibited a
protection potential. The Blanc CPP tests showed a jagged branch, which indicates unsuccessful
attempts for repassivation and unstable pits, and followed an almost vertical path without
decreasing in current density. The NTO and Si200 tests did not have a jagged reverse branch and
did decrease in the current density. The largest decrease in the current density is assigned to the
solution NTO. From these results it was suggested that although the solutions with inhibitors have
a lower breakdown potential, the inhibitors did have a positive effect on the environment at the
pits and prevent pitting propagation.

Lower scan rates resulted in a more vertical upward branch and lower breakdown potentials
because the system had more time to react and to stabilize. Higher scan rates can reduce the
possibility of localized corrosion around gaskets and masks according to Scribner Associates [67].
The metastability can be the result of a too high scan rate. However, it is more likely that the
metastability was the result of insufficient passivation. The insufficient passivation was probably
located at the interface of the polyester tape and the free metal surface. Surface observations
identified crevice corrosion and confirmed the presumed cause of the scattered branch. CPP tests
with the same scan rate, but with specimens were active behavior initially dominated, did not result
in a similar scattered result, as can be seen in Figure 24.
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Figure 25: Overview of representative CPP curves.
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The breakdown points of all CPP tests were extracted and summarized in Figure 26a. Some of
these breakdown are not suitable for comparison due to a different scan rate, i.e. the points with
higher breakdown potentials, or due to active behavior, i.e. the points with lower breakdown
potentials. Figure 26b shows the breakdown points that were suitable for comparison, and
demonstrate that the resistance to initiation and propagation of localized corrosion is highest for
the Blanc solution and lowest for the Si200 solution, as in Figure 25. What became clear from
Figure 26b is that a general linear relationship was distinguished of which the equation is given in
the figure. The coefficient of determination (R?) indicates a good fit of the line to the data points.
The effect of the scan rate had most likely a larger influence on the breakdown points than the
corrosion behavior itself. This was pointed out by comparing the slope of the linear fit with the
slope of the anodic branch of the red curve in Figure 25, i.e. b13_Blanc, the values were 0.35
V/uA and 0.36 V/uA, respectively

Change of the pH during the CPP test could have affected the breakdown point. This becomes
more likely when the test volume of the electrolyte is smaller. Measurements of the pH, EC and
temperature before and after the polarization tests were not large enough to affected the breakdown
point.
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Figure 26: Overview of the breakdown points of the CPP tests with a) all CPP tests, and b) with only the
representative CPP tests.
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5.2.3 Surface analyses

Post-analysis by visual inspection before and after etching of the specimen surface confirmed that
crevice corrosion took place at the interface of the polyester tape and the free metal surface, as is
shown in Figure 27. 3D-microscopy was used to analyze the shape of the pits that were formed
during the CPP tests. An example of such a 3D image is given in Figure 28. The maximum depth
to average width ratio was calculated and presented for the three solutions in Figure 29. It appears
that the presence of inhibitors resulted in more shallow pits, with the best results for Si200. This
is in agreement with what was previously stated based on shape of the CPP curves, that the
inhibitors reduced the corrosion propagation at the pit location.

Passivation of the metal surface was confirmed not only by OCP and CPP measurements, but also
by XRD and SEM/EDX analysis. SEM/EDX analysis indicated iron oxides for the Blanc and NTO
solutions. Fe,O3 was identified on all samples that were immersed in the Blanc, NTO and the SiO2
solutions, as is shown in the XRD results in Table 8 and Appendix H. No precipitated silica was
found in the form of quarts. Amorphous silica scales cannot be detected by XRD. Other analysis
techniques are required to assert the presence or absence of silica scale. SEM/EDS is such a
method that should be able to detect silica scale. Some products at the edges of pits after CPP tests
in Si200 solutions indicated the presence of silica, as is shown in Figure 31.b. However, the
adsorbed layers were most likely affected by the removal of the specimens from the solution and
by the introduction of the specimens in high vacuum.

Figure 27: Digital microscopy image at 200x of crevice corrosion at the polyester interface.
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Figure 28: Digital microscopy images of a pit after a CPP test, a) 3D image, b) top view image with depth profile.
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Table 8: XRD results.

Sample Compound Compound
Blanc Iron Fe

Iron oxide Fe203

Iron carbide FeCx
NTO Iron Fe

Iron oxide Fe203

Iron carbide FeCx
Si2000 Iron Fe

Iron oxide Fe20s

Iron carbide FeCx
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Figure 30: SEM/EDS results of a) uncorroded surface after CPP in Blanc solution, b) corrosion product outside a pit
after CPP in Si200 solution, c) surface inside a pit after CPP in Si200 solution.
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6 General discussion and Conclusions

The goal of this thesis was to gain understanding on the corrosion susceptibility of mild steel in
SACW, to test the effect of different corrosion inhibitors on the corrosion susceptibility, and to
explore phosphorus-free corrosion inhibitors for this type of cooling water. This was done through
literature research, brief simulations in PHREEQC and lab experiments. Based on this
information, answers to the research questions raised in Chapter 1.2 are provided in this chapter.

A. How can the corrosion behavior of mild steel in soft alkaline cooling water be evaluated?

First of all, the composition and quality parameters of SACW must be known and, just as
importantly, the water must also be physically available to be used in experiments. Therefore,
SCW was produced of which the composition and quality was based on the data of three surface
water intake points in The Netherlands that are indirectly used for cooling water production. The
concentrations of the ions in the surface water were increased to the desired COC. Simplifications
were made by leaving out trace elements, organic carbon and iron. A natural pH of 9.1 was reached
based on the carbonate equilibrium. The pH was increased by lowering the NaHCO; dosage and
increasing the Na,COs dosage. The Ca?* and Mg?* concentrations that are normally present in
surface water were completely exchanged for Na* for the composition of synthetic soft water, as
if the CIEX had a 100% efficiency in removing the hardness. The calculations and the composition
were validated using CBE calculations, PHREEQC simulations, pH and EC measurements and IC
analysis.

The corrosion assessment techniques started off with desk studies related to corrosion indices and
saturation indices in PHREEQC. Thereafter, mass loss tests and polarization experiments were
carried out. At last, surface analyses were undertaken to verify the results obtained in the other
experiments.

The corrosion indices that appeared to be most suitable for SACW have been evaluated. These
turned out to be inappropriate for this kind of cooling water because they were based too much on
empirical relationships for waters with their characteristics within a specific range.

PHREEQC simulations were used to check the SCW composition, whether it is suitable for the
experiments and which type of scaling products could be expected. The scaling products that
emerge from running the simulation can be evaluated for their benefits and disadvantages for the
protection of the CWS.

A variety of lab experiments are possible to determine the corrosion rate. The most wide applied
tests are mass loss tests. Mass loss tests in SCW can be carried out with different durations and
multiple specimens in a setup of 2L jars to provide an estimate on the corrosion rate and corrosion
type. Determination of the corrosion efficiency based on mass loss is only appropriate for
specimens showing the same type of corrosion. Differentiation should be made between the
inward and the outward facing side of the specimens.
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OCP, PR and CPP tests are also suitable for testing the corrosion of mild steel and SCW is a
suitable medium. These polarization tests can be carried out in simplified corrosion cells with 210
mL of SCW. OCP tests should run for several days if the formation and corrosion resistance of a
passive layer is evaluated. Crevice corrosion can easily distort the measurements of passivated
samples. In case only the performance of inhibitors is evaluated and not on the natural protection
of the metal by an oxide, only one hour of stabilization is required before starting the CPP
measurements. Not only CPP tests, but also Tafel plots can be determined form which the
corrosion rate can be derived and the effect of the inhibitor on the anodic or cathodic curve. This
report focused however on mild steel that was passivated by a naturally formed iron oxide layer.
The creation of Tafel plots requires cathodic polarization which will remove the oxide layer.
Therefore, the corrosion rate was not determined based on Tafel plots.

Visual surface analysis with the naked eye and digital microscopy with a magnification up to
1000x provided information on the surface morphology, i.e. the type of corrosion and the depth-
width ratio of possible pits. The elemental composition found at the surface was identified with
SEM/EDS. XRD is a useful method to identify the crystalline structure of oxide products and
possible precipitates. Possible silica scale products were most likely amorphous, which makes
XRD unsuitable for silica scale identification. The adsorbed layers were most likely affected by
the removal of the specimens from the solution and by the introduction of the specimens in the
high vacuum of the SEM/EDS. More advanced techniques, such as EIS and FTIR have not been
evaluated for this type of water but are likely to provide more insight in the adsorbed layer and the
surface characteristics of the specimen.

B. What is the effect of soft alkaline cooling water on the corrosion behavior of mild steel?

It was derived from the potential-pH diagram for iron in an aerated solution that mild steel would
be naturally passivated by a protective oxide layer at pH 9.3. Two different types of specimens
were used that had slightly different chemical composition but also different roughness. The
specimens with the 1200-grit polish, confirmed the expectations based on the potential-pH
diagram. The specimens with a four times higher roughness showed however uniform corrosion.
The suggested reason for this is the inability of the specimen to form a homogeneous protective
oxide layer on the surface due to the surface roughness.

The 1200-grit polished specimens showed an increase in potential over a period of six days similar
to a natural logarithmic trend. This implicated the development of a passivating layer. Anodic
potentiodynamic polarization, starting at -20mV vs. OCP, reaffirmed this. XRD measurements
also confirmed the presence of protective Fe,Os.

The anodic branch of the CPP tests showed some pit initiations before actual propagation. At a
scan rate of 0.6 V/h the breakdown potential of mild steel in SCW was 0.4 + 0.02 V vs. SCE. The
reversed branch indicated that the environment at the pits did not prevent further propagation, nor
did the mild steel specimens repassivate in SCW.
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C. How do different non-toxic corrosion inhibitors affect the corrosion behavior of mild steel in
soft alkaline cooling water?

Two type of non-toxic inhibitors were used, namely NovoTraqua® and sodium silicate. The
addition of NTO and Si200 inhibited uniform corrosion but did not provide complete protection
against localized corrosion in the mass loss tests. Si200 performed certainly the best as inhibitor.
The inhibition efficiency of different inhibitor concentrations has to be tested though, because
localized corrosion can be the result of too low inhibitor concentrations.

The inhibitors did not influence the OCP value after six days of immersion when compared to the
OCP of the Blanc solution. The breakdown potential derived from the CPP tests was highest for
the Blanc solution and lowest for the Si200 solution, which was against expectations. This is most
likely due to a too high scan rate. Lower scan rates resulted in much lower breakdown potentials
for the Blanc solution while the NTO and Si200 solutions did not have a similar decrease in
breakdown potential.

The CPP tests did not show considerable difference in the anodic upward branch for the specimens
in different solutions. The reversed branch was however less jagged and showed attempt for
repassivation for the inhibited solutions when compared to the Blanc solution. This was related to
the positive effect the inhibitors had on the environment at the pits. The explanation was sought
in the attraction of the negative dipoles of the inhibitors by the positively charged pits providing

protection against aggressive ions. Without inhibitors, only aggressive ions like Cl™and SOZ‘

would be attracted by the positive pit, resulting in pit propagation. The pits of the Si200 solution
were most shallow relative to their width, and deepest for the Blanc solution. So the surface
analyses confirmed what was derived from the CPP tests.

D. How do different concentrations of phosphorus in the corrosion inhibitor affect the corrosion
behavior of mild steel in soft alkaline cooling water?

Literature review described that phosphonates catalyze the oxidation of ferrous hydroxide to
gamma iron oxide. Based on this it was likely that the oxide layer at the mild steel surface would
be less protective at lower dosages of phosphonates. So more localized corrosion and lower
breakdown potentials were expected. Tests with different concentrations of phosphonates in the
NovoTraqua® product were not successful due to practical reasons. This research question is
therefore left unanswered and recommendations are provided in the next chapter.
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7 Recommendations

The results presented in this report may contribute to the decision making and understanding of
other (pilot scale) research projects that seek for alternative and more sustainable operation of
current CWS. The research also resulted in new gquestions and recommendations for further
research which are discussed below.

The immersion setup should be optimized to allow for automatic temperature regulation of the
water inside the jugs and to allow for automatic inhibitor dosage. This provides the opportunity to
perform corrosion tests at temperatures that generally occur in CWS. It would also provide the
opportunity to test the inhibitor performance at different temperatures. Inhibitors that rely on
physical adsorption are expected to have a lower inhibition efficiency at higher temperatures. So
relative inhibition efficiencies at room temperature may not present the same relative inhibition
efficiencies at higher temperatures.

The last research question was not answered, however it is still worthwhile to research the effect
of different inhibitor concentrations and different phosphorus concentrations within the inhibitors.
This can result in knowledge on the adsorption strength of an inhibitor. The corrosion data would
have to be fitted to various adsorption isotherms, for example the Langmuir and Frumkin
isotherms. The best fit would provide information on the thermodynamics of the inhibitor
adsorption.

Similar tests can be conducted as presented in this report. The dynamic polarization tests would
require only 1 hour stabilization period to test the different inhibitor and phosphorus
concentrations. It is recommended to establish complete Tafel plots to evaluate the effect of the
inhibitor on the cathodic and anodic curve and to determine the corrosion rate. Crevice corrosion
should not influence the measurements. Coating the specimen instead of polyester tape, rubber O-
ring or PTFE mask is recommended.

This study made use of different analytical techniques to identify surface morphology, deposits
and scales. The used techniques were optical microscopy, SEM/EDS, and XRD. More advanced
techniques such as Fourier Transform Infrared Spectroscopy (FTIR) and Electrochemical
Impedance Spectroscopy (EIS) are recommended to obtain better understanding of the adsorbed
layers and the inhibition mechanis. FTIR can be a useful method for obtaining information on the
functional groups, and for the detection of vibrational frequencies of the bonds that are linked to
specific chemical species. It is particularly suitable for the identification of organic substances in
deposits. Additionally, FTIR provides the opportunity to follow surface layer growth. [68] EIS
provides information on the adsorbed layer and the interaction with the metal surface by modelling
the corrosion cell as an electrical circuit with several electrical elements.

69



Recommendations

This research focused on the corrosion behavior of mild steel in SACW. The high pH and
phosphorus limited conditions most likely affect microbiological growth in the CWS. So robust
and reliable operation of a CWS with this type of water does not only require revision of the
corrosion inhibitors, but also revision of the need for dispersants and biocides. This research made
use of SCW with a composition of a COC of 10. It is recommended to run experiments at different
COC to determine the range of the eventual conditioning program and to evaluate of further
reduction of water intake and chemicals can be accomplished.
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9 Abbreviations

AE auxiliary electrode

ASTM American Society for Testing and Materials
CBE charge balance error

CIEX cation exchange

cocC cycles of concentration

CPP cyclic potentiodynamic anodic polarization
CWS cooling water system

EC electrical conductivity

EDS energy dispersive spectroscopy

EIS electrochemical impedance spectroscopy
FTIR Fourier transform infrared spectroscopy
HTI holding time index

IEX ion exchange

KWR KWR Watercycle Research Institute

NT NovoTragua®

OCP open circuit potential

ORCWS open recirculating cooling water system
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Appendix A — HumVi production and composition

Vitens N.V. is a drinking water company that uses groundwater to produce drinking water by the
following consecutive treatment processes: vacuum degassing, plate aeration, rapid sand filtration,
CO2 removal, pellet softening, caustic soda dosage, another rapid sand filtration, and finally ion
exchange for color removal. The ion exchange tank is regenerated with a 10% NacCl solution. The
depleted regenerate stream contains ca. 4% salt solution and a high concentration of TOC. To
reach a product with a high TOC concentration and low salt concentration, the regenerate stream
is concentrated by dead-end nanofiltration, nanofiltration and diafiltration. The composition of the
final product HumVi is summed up in Table 9. (P. Sjoerdsma, personal communication, August
30, 2017)

Table 9: Composition of HumVi, a product with concentrated humic substances (Vitens N.V.).
(HS=humic substances, i.e. humic and fulvic acids; See end of document for other abbreviations.)

. . Percentage

Unit Value Unit Value of TOC
Colour [mg PtCo/L] 456691 TOC [mg/L] 7.56 100%
TOC [mg/L] 101514 DOC [mg/L] 6.92 91,5%
pH 8.33 POC [mg/L] 0.63 8,3%
EC [mS/cm] 36.7 HOC [mg/L] 0.29 3,8%
dry matter [g/L] 228
Salt/NaCl [9%] 0.85 HS [mg/L] 2.92 38,6%
uv [1/cm] 353103 BB [mg/L] 232 30,7%
NOs [mg/L] 450
HCOs [mg/L] 38402 LMW acids [mg/L] 7.56 100%
COs* [ma/L] 1172 LMW neutr  [mg/L] 6.92 915%
PO [mg/L] 17
S04 [mg/L]
CI [mg/L] 5150
Si [mg/L] 200
Na* [mg/L] 34991
K* [ma/L] 142
Fe [mg/L] 121
Mn [ma/L] 4.58
ca* [mg/L] 57
Mg?* [mg/L] 59
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Appendix B - PHREEQC input file

Database C:\phreeqc\database\phreeqc.dat

#Defining Solution 1

SOLUTION
units

pH

temp
Alkalinity 160
Na 32
K 8.0
#Ca 60
Ca 150
#Mg 8
Mg 35
Amm i
Fe(+3) .1
Mn 0.01
S(6) 52
N(+5) 13
P 4
cl 46
F 2
Br .09
Si 2
END

1 Simulated hard surface water starting at COC1
mg/|

8 CO2(g)-3.1

20

as HCO3

as Ca
as CaCO3
as Mg
as CaCO3

#504-2
#NO3-
as PO4

as Si02

#Defining Solution 2

SOLUTION
units

pH

temp
Alkalinity

Na 116
K 8.0
Ca 0
Mg 0
Amm i
Fe(+3) .1
Mn 0
Cu(+2) O
S(6) 52.0
N(+5) 13.0
P 4

cl 46.0
F 2

Br .09
Si 2
END

2 Simulated soft surface water starting at COC1
mg/|

8 CO2(g)-3.1

20

160 as HCO3

#504-2
#NO3-
as PO4

as Si02

#Increasing the COC of Solution 1 at T=200C
USE solution 1
REACTION_TEMPERATURE 20
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Appendix B — PHREEQC input file

EQUILIBRIUM_PHASES

CO2(g) -3.1

REACTION 1

H20 -1

52.733 moles in 53 steps #COC20

USER_GRAPH 1

-headings CoC SI_Calcite SI_Dolomite SI_Sepiolite SI_Talc pH
-axis_titles "coc" "SI" "pH"

-initial_solutions  false

-chart_title "Impact of COC on Sls and pH of hard water at 200C"

-plot_concentration_vs x
-axis_scale x_axis 1202
-axis_scaley_axis -5155
-axis_scale sy_axis 89.50.5
-start

10 graph_x 1/SOLN_VOL
20 graph_y si("Calcite")

30 graph_y si("Dolomite")
40 graph_y si("Sepiolite")
50 graph_y si("Talc")

60 graph_sy -la("H+")

-end

END

USER_GRAPH 1

-detach

END

#Increasing the COC of Solution 2 at T=200C
USE solution 2

REACTION_TEMPERATURE

20

EQUILIBRIUM_PHASES

CO2(g) -3.1

REACTION 1

H20 -1

52.733 moles in 53 steps #COC20
USER_GRAPH 2

-headings CoC SI_Chalcedony SI_Quartz pH

-axis_titles "coc" "sI" "pH"

-initial_solutions  false

-chart_title "Impact of COC on Sls and pH of soft water at 200C"

-plot_concentration_vs x
-axis_scale x_axis 1202
-axis_scaley_axis -110.2
-axis_scale sy_axis 89.50.5
-start

10 graph_x 1/SOLN_VOL

20 graph_y si("Chalcedony")
30 graph_y si("Quartz")

40 graph_sy -la("H+")

-end

END

USER_GRAPH 2

-detach

(B.M van Breukelen, personal communication, October 09, 2017)
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Appendix C — 4 weeks immersion test setup

Figure 31: Schematization of the 4 weeks immersion tests setup.
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Appendix D — Specimen composition and surface roughness

Table 10: Chemical composition of the specimens used in the Immersion tests and the VVoltamettric tests.

Weight percent in Weight percent of material
Compound Immersion tests in Voltamettric tests

C 0.08 0.087

M 0.330 0.375

P 0.011 0.013

S 0.009 0.013

Al 0.045 NA

Si 0.019 0.018

Fe remainder remainder
30.37um 711um
26.03 Iin
8.67 . ) . ! . ‘ ) 203
433 - v =—= — 101

0.00

0.00

3037 7.11
— e 03] 26031
200.00
500.00
100.00
0.00pm 0.00pm
0.00um 500.00 1000.00 0.00pm 100.00 200.00 300.00347.08

Figure 32: Surface roughness of Metal Samples Co coupon vs. self-made coupon.
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Appendix E — Corrosion cell setup

Figure 33: Line drawing of self-made corrosion cell
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Appendix F — CPP test results
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Figure 34: Overview of the CCP tests per solution type, with a) Blanc, b) NTO0, and ¢) Si200.



Appendix F — CPP test results
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Figure 35: Overview of the CCP tests with the top two rows Blanc, third row NTO, and fourth row Si200.




Appendix F — CPP test results

Table 11: Overview of breakpoint or vertex indices, current densities and potentials.

Name Index Current Potential

Density  (V vs. SCE)

(nA/cm2)

al_Blanc 918 0.680 0.666
a2_Blanc 1218 1.114 0.952
a3_NTo 992 0.734 0.746
a4_NTO 522 0.265 0.332
a5_Si200 614 0.474 0.372
a6_Si200 1122 0.848 0.823
b10_Blanc 3708 1.808 0.842
b11_NTO 4419 2.479 0.962
b12_Si200 1422 0.111 0.222
b13_Blanc 3054 1.631 0.709
b14_NTO 1685 0.357 0.316
b15_Si200 1043 0.057 0.141
b16_Blanc 963 0.043 0.204
b17_NTO 1427 0.193 0.255
b18_Si200 2025 2.136 0.166
c2_Blanc 3207 0.628 0.390

c3_Blanc 3582 0.944 0.419






Appendix G — Surface visualization after CPP tests

Figure 36: Overview of the surfaces after CCP tests per solution type, with column a) Blanc, column b) NTO, and
column c) Si200.
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Appendix H — XRD results
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Figure 37: XRD measurements of mild steel coupons after immersion in a) Blanc, b) NTO and c¢) Si200 solutions.
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