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Abstract

Coolant fluids have been in use for almost a century. The use of cooling fluids is essential for
heat transfer applications serving various purposes, such as protection against overheating or
freezing. However, due to the heat stress conditions that occur inside such systems, these cooling
fluids can also contribute to problematic issues, such as scaling/deposition of inorganic salts,
and/or corrosion of critical equipment surfaces. The imperative to optimize the performance of
coolant fluids has become increasingly pronounced. The dynamic changes in industry,
technology, and environmental standards increased the demand for coolant formulations that
not only deliver enhanced performance but also align with evolving global needs. This has led
to an ongoing process of refining and optimizing the coolant technologies to meet the escalating
requirements of a rapidly evolving world. In this review, our aim is to deliver a thorough and
in-depth coverage of the ethylene glycol-based cooling fluids and the different coolant
technologies used over the years. Through a meticulous examination of key concepts, recent
advancements, and critical insights, this paper seeks to underscore the critical importance of
coolant composition in determining the efficiency, material compatibility and sustainability of
these products.

Received: May 25, 2024. Published: June 26, 2024 doi: 10.17675/2305-6894-2024-13-3-1

Keywords: automotive coolants, corrosion, scaling, ethylene glycol, deposits, car engine.

1. Introduction

Cooling fluids are widely used in several applications, such as power plants, radiators,
automobile engines, heating ventilation and air conditioning (HVAC) systems and electronic
devices [1]. The term “coolant” is mainly used in automotive and HVAC applications while
the term “heat-transfer fluid” is commonly used in the industrial world, for high or low
temperature manufacturing applications. The application of interest in this case is the car
engine (see Figure 1). When a vehicle is in use, thermal energy (heat) is generated within
the engine, which needs to be dissipated in order to avoid various catastrophic events.
Therefore, it is essential to carefully address the heat dissipation mechanisms to obtain a
balanced heat distribution inside the car engine. An efficient solution to handle the thermal
challenges is circulation of a fluid with a high heat capacity that can facilitate heat transfer
from the heat-generating components to the environment. Consequently, the fluid undergoes
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convective cooling to dissipate the absorbed heat effectively [2]. Historically, water
circulation was used in the first radiator for cooling the engine at the end of the 19" century
and laid the foundation for the evolution of coolant technologies as we know them today [3].

Various coolant technologies have been developed over the years, containing a variety
of chemical additives to provide solutions to diverse problematic issues. The main task of a
coolant is to regulate the temperature of a system and achieve a critical temperature balance
across various components. More specifically, its importance lies on its ability to draw heat
away from the hot engine parts and transfer it to the environment. Concerning the automotive
applications, only one third of the energy produced from the fuel combustion is actually
utilized by the engine and converted to useful power. The remaining two thirds are converted
into heat, half of which is removed through the exhaust. So, this leaves a significant amount
of heat in the engine block, which needs to be removed and diffused into the environment
for efficient engine operation. If this excess heat is not immediately and properly removed
from the engine, the consequences can be severe. Importantly, coolants play a significant
dual role, i.e., to prevent engine overheating during use, as well as freezing when the ambient
temperature is too low. Protection against freezing is also an important requirement,
especially in cold climates around the Planet.
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Figure 1. Schematic representation of an automobile engine. Adapted from
https://www.powermag.gr

The key criteria for an ideal coolant are high heat capacity, thermal conductivity and
efficient heat transfer, low viscosity, low-cost, non- or low-toxicity, chemical inertness, and
environmental friendliness, as well as materials compatibility. Furthermore, a coolant should
neither cause, nor promote corrosion of the metal-based components of the cooling system.
However, the aggressive, heat-stress conditions occurring inside an operating car engine
create a corrosive environment. Thus, the cooling fluid has a third function of vital
importance, to protect the different metallic components of the cooling system against
corrosion [4].
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Water is an efficient (and cost-effective) heat-transfer liquid medium. For that reason,
it still remains the main component of a coolant. Its high thermal capacity, low cost and wide
availability make it suitable for use in heat-transfer applications. However, the use of water
alone has certain limitations, including its high freezing point and its volume expansion upon
freezing, as well as its relatively high corrosiveness towards metals that come in contact with
it. Various ingredients (additives) are blended with it to optimize the performance and
service life of the cooling medium, like glycols, scale and corrosion inhibitors, stabilizers,
dispersants, sequestrants, pH buffering agents, antifoaming agents, dyes, etc. Alcohol
solutions (ethanol and methanol) were used in the past because of their low cost, acceptable
freezing point, and compatibility with corrosion inhibitors such as chromate, starch, sugar
etc. to cool the car engines. However, the complexity of modern engines forced
manufacturers to switch to ethylene glycol (EG)-based coolants with higher boiling point
and freezing protection [5].

Glycol is added to increase the boiling point of the liquid in order to avoid undesirable
consequences due to engine overheating, like accelerated distortion of the cooling fluid and
the engine itself. At the same time the freezing point is decreased, thus protecting the engine
and the cooling system from any damage due to freezing, when the ambient temperature is
too low. Monoethylene glycol (MEG), which is the most common car antifreeze, was
reported to be used for the first time in the coolant manufacture in the United Kingdom in
the early 20" century, for cooling aircraft engines. Polyethylene glycol (PEG) or
monopropylene glycol (MPG) are also used. A 1:1 MEG:water blend was adopted by the
automakers as it showed high performance, maintaining a fine balance of the desirable
features of the two components (water and antifreeze), as well as better compatibility with
the other substances present in a cooling system [6]. Glycerol was also used as a base in an
antifreeze at that time, but its use was rapidly decreased in the middle of the 20th century,
mainly due to its high cost. Apart from cost considerations, there are several technical issues
that need to be considered, including the higher viscosity of the aqueous glycerin coolants
compared to the aqueous ethylene glycol coolants (especially at low temperature and higher
antifreeze concentrations), and the lower freeze point depression for glycerin at an equivalent
concentration. Douglas et al. have nicely summarized the technical differences between
agueous PG-based, EG-based and glycerin-based coolants [7].

Small amounts of other ingredients are also present in a cooling fluid, in addition to the
main fluids, see Figure 2. While these components make up only a small fraction of the
coolant, their role is crucial, as they are often used as a criterion for differentiating the various
types of coolants present in the market [8]. Coolants with a wide variety of colours like blue,
yellow, green, red, pink, orange, turquoise and purple can be found in the market. Dyes of
different colours are added to a coolant to differentiate the type of the coolant. The Inorganic
Additive Technology (IAT) coolants are mainly green-coloured. The common colours for
Organic Additive Technology (OAT) coolants are pink, orange, blue, dark green and red.
The typical colours for a hybrid coolant are yellow, turquoise, pink, blue, or purple. In recent
days, however, coolant colour is no longer related to the additive technology, but determined
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by the car manufacturer or end-user preference. Moreover, the presence of a pH-buffering
agent is also beneficial, in order to avoid coolant “aging”. Glycol-based cooling fluids were
previously reported to be susceptible to thermo-oxidative degradation reactions. Organic
acids like glycolic, oxalic, and formic were found to be the primary acidic degradation
products formed in ethylene glycol solutions. Lactic and formic acids with minor amounts
of acetic and oxalic acids were found to be the primary degradation products from the
thermal oxidation of propylene glycol. These degradation products are responsible for pH
decrease, and consequently, acceleration of metallic corrosion of the cooling system [9].
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Figure 2. Basic composition of a MEG-based coolant.

The use of coolants, although necessary, may generate negative effects, such as
corrosiveness of the fluid. Not unexpectedly, the formation of scale deposits commonly
occurs in the cooling systems, mainly due to the presence of metal ions from the use of hard
water used for dilution purposes. Furthermore, corrosion products can be formed in the
cooling systems due to the presence of corrosive salts from various sources (the fabrication
process itself, the use of corrosive water, and the driving environment) [10]. Adhesion of
these deposits (scale and corrosion products) onto the critical equipment surfaces can lead
to reduced heat-transfer efficiency and cause severe operational problems for the combustion
engines. Partial blockage of the radiator could also occur due to excessive scaling, causing
higher operating temperatures.

2. Corrosion

Corrosion of the metallic components of a cooling system is one of the most critical issues
faced by the coolant manufacturing companies. Moreover, corrosion was reported to increase
proportionally as the metal surface temperature is increased. Thus, as the engine combustion
heat is transferred through the cylinder head to the coolant, it becomes imperative to ascertain
its impact on the corrosion of the metallic surfaces, as well as to discern the role of coolant
additives in modulating this corrosion process. Corrosion-related problems may result in
disastrous operational and environmental issues. One of the main issues associated with heat-
transfer corrosion of the aluminum castings is the deposition of corrosion products on the
interior surfaces of the radiator tubes leading to the formation of an insulating film, which will
substantially reduce the heat transfer efficiency of the cooling system. In certain cases, this
process can occur rapidly, potentially leading to engine overheating within approximately
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10,000 miles. Therefore, it is imperative to control and/or prevent corrosion of the critical
interior surfaces using a properly balanced coolant formulation [11].

As documented in the literature, it was found that glycol, apart from the freezing point
depression, is able to reduce, to some extent, the corrosion rate of metallic surfaces. Studies
suggest that this effect can be attributed to the dilution of water, which is essential for
metallic corrosion and/or passive film formation reactions. The addition of glycol diminishes
the effective water concentration available for these reactions. Conversely, water, an inherent
component of glycol-based cooling fluids, introduces several potential challenges. The
quality of water can vary significantly, necessitating an understanding of how certain
dissolved inorganic salts impact heat-transfer corrosion. Chlorides, in particular, emerge as
some of the most corrosive ions encountered in water, capable of inflicting damage
(commonly localised corrosion) on metals. In regions such as the Southwest US, it is not
uncommon for water to contain chloride levels reaching up to 500 ppm [11].

Furthermore, in order to meet increasingly demanding fuel consumption specifications,
automotive manufacturers have dramatically increased the use of aluminum alloys for the
construction of heat exchanger systems, in order to reduce the weight of automobile parts
[10, 12, 13]. A protective oxide layer is formed on ferrous metal surfaces (e.g., certain
aluminum-containing alloys) in the presence of neutral or slight alkaline solutions.
Unfortunately, this protective layer can be degraded when aggressive anions (e.g., chloride)
are present, by mechanical impact (physical contact/friction) or by random film breaking
down, leaving the metal surface exposed to the corrosive medium, therefore leading to
corrosion. Several factors, such as aggressive anions or local pH, are likely to prevent repair
of the oxide layer. Localised forms of corrosion of the critical surfaces, such as pitting and
crevice corrosion, have been observed due to the extensive use of aluminum and other light
metals for the components of the cooling system [14].

Different approaches for corrosion protection of metallic surfaces are available to shield
the surface from the corrosive environment. Solution chemistry modifications are often
implemented to slow down the corrosion process at the metal-solution interface with the use
of corrosion inhibitors [15]. The corrosion inhibitor is a chemical substance that is purposely
added to the cooling medium to reduce the corrosion rate of the metal surfaces in the
operating cooling system. Sodium phosphate, sodium tetraborate, sodium silicate, and
sodium nitrate are frequently encountered in coolants formulated to provide comprehensive
cooling system protection and are key components of inhibitor packages found in numerous
commercially available coolants.

The most common molecular mechanisms of corrosion protection induced by inhibitors
are:

(a) passivation of the metal surface,

(b) formation of a thin barrier (film) of the inhibitor on parts or on all metal surfaces,
or on the protective oxide layer, and

(c) formation of thick barriers (coatings) of the inhibitor on the metal surface.
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Inorganic ions such as chromate, nitrite, molybdate etc. are categorized as passivators,
and their corrosion inhibitory activity relies on their ability to cause a large anodic shift of
the corrosion potential, to stabilize the protective oxide layer on the metal surface, to repair
the damaged spots, to reinforce the passive oxide layer by incorporation, and to hinder
adsorption of aggressive ions. Nonetheless, many of these additives show several unwanted
features, like unacceptable toxicity and strong oxidizing action. One of the corrosion
protection mechanisms is the formation of a thin barrier through physi- and/or chemi-
sorption on the metal surface. Compounds like silicates can be homogenously adsorbed onto
the metallic surface, thus isolating it from the corrosive medium and preventing leaching of
metal ions from the surface to the liquid medium. Salts of organic acids, on the other hand,
can be selectively adsorbed at the anodic spots, forming strong metal-carboxylate surface
bonds. Shieling of the anodic spots also substantially decreases the release of metal ions.
Additionally, thick insoluble protective layers can be formed on the metallic surfaces,
blocking both anodic and cathodic spots, in the presence of carbonates or non-stabilized
phosphate [16].

The efficiency of a corrosion inhibitor also depends on the extent of adsorption of the
inhibitor on the metal surface through the mechanism of physisorption, chemisorption, or
both (see Figure 3). In the case of physisorption (physical adsorption), weak polar
interactions (van der Waals) occur between the inhibitor molecules and the charged metal
surface. On the other hand, in the case of chemisorption, the inhibitor molecules are
accumulated on the surface and this process is enhanced by formation of chemical bonds. In
the latter type of adsorption, the forces that are responsible for the creation of chemical bonds
are very strong and include ionic or covalent bonds and certain types of intermolecular forces
(see Figure 3) [17, 18].
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Figure 3. Schematic representation of physisorption and chemisorption.

Moreover, the ability of an additive (corrosion inhibitor) to achieve corrosion protection
of a metallic surface is greatly dependent on the chemical composition of the surface (type
of metal or alloy used). Inhibitors that offer excellent corrosion protection to one metallurgy,
may show lower anti-corrosive or even enhanced corrosive effects to other metals.
Commonly used coolant additives and their suitability for certain engine construction
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materials are presented in Table 1 (for inorganic inhibitors) and Table 2 (for organic

inhibitors) [5].

Table 1. Commonly used inorganic coolant additives and their suitability for certain engine construction
materials. Adapted from Ref. 5.
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Anti-corrosion performance
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M=level of protection, XI=corrosive.

Table 2. Commonly used organic coolant additives and their suitability for certain engine construction
materials. Adapted from Ref. 5.

Anti-corrosion performance

Inhibitor Inhibitor Additional
(chemical (basic structure) Cast : properties
name) Steel iron Aluminum Copper Brass Solder
Sodium ®
phenylbutyrate m v MM M
HO\/\N/\/OH
Triethanolamine \ MM MM pH buffer
OH

N
Benzotriazole @ N'N | MM M
H
Mercapto @E >:s - v o
Benzothiazole "
N
Tolyltriazole /C[ N | MM
HaC N

o CHQ%H
Sucrose OH HO VI Vi ]}
OH o CH,OH
OH OH
9]
Benzoic acid @*w MM ™ v VI
8]
Tereph_thal ic OH o o o 7 7
acid HO
@]
0

Heptanoic acid W\)LOH | | | M M




Int. J. Corros. Scale Inhib., 2024, 13, no. 3, 1355-1374 1363

Anti-corrosion performance
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VI=level of protection, XI=corrosive.

Diverse coolant technologies have been developed over the years using inorganic or
organic-based inhibitors to protect engine components from excessive scaling and corrosion,
depending on the requirements of each geographical area. By the end of the 20" century,
three main approaches to corrosion inhibition were established in the United States, Europe
and Japan based on water quality, cooling system type, engine type, and weather conditions
in those regions. In Europe, for example, the water used for dilution of the coolant
concentrate was found to be rich in metal cations such as Ca?* and Mg?*. These metal cations
are known to interact with phosphate anions (used as inorganic corrosion inhibitors in
coolants) forming metal phosphate scales and deposits. Excessive deposit formation onto
critical surfaces forced certain coolant technologies to go “phosphate-free” [8].

Silicate-based coolants, which were classified as “conventional coolants”, were used in
United States and Europe. Later on, organic acid or hybrid low silicate/organic acid-based
coolants were preferred by the automakers for enhanced corrosion protection at higher
operating temperatures. Meanwhile, Japanese automakers preferred amine/phosphate-based
coolants instead of silicates. The reason for this was the concerns for potential operation-
compromising effects, such as amorphous silica precipitation on various components of the
cooling system and inefficient corrosion protection due to decreased storage stability. Later
on, phosphate/organic acid or low phosphate/organic acid-based coolants were selected [5].
In Asia, scaling problems causing decreased heat transfer led to the prohibition of coolants
containing silicate (also used as inorganic corrosion inhibitor in coolants).

There are many different ways to classify an automotive antifreeze coolant, including
national or international standards, specifications of automotive manufacturers etc.
However, the coolants mainly differ in the type of scale and corrosion inhibitors added. The
type of antifreeze used does not substantially affect the quality of the coolant. Therefore, the
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engine coolants can be classified into three main categories according to the type of corrosion
inhibitor [5]:
(i) Inorganic Additive Technology (IAT) coolants,

(i) Organic Additive Technology (OAT) coolants, and
(i) Hybrid Organic Acid Technology (HOAT) coolants.

These will be presented in detail below.

2.1. Inorganic additive technology coolants (IAT)

For several years different combinations of inorganic inhibitors, including phosphates,
silicates, molybdates, borates, nitrites and nitrates were used for reducing corrosion effects
in the cooling systems. The desired multi-metal corrosion protection of these inhibitors is
achieved through effective adsorption of these compounds on the metal surfaces. Thus, a
protective layer is formed onto the critical surfaces of the cooling systems acting as a
physical barrier insulating the metal surfaces from the cooling fluid and preventing any
further corrosion effects. IAT coolants, also called “traditional” or “conventional” coolants,
even though they are considered outdated for the demands of modern engines, are still used
in older cars [10].

2.1.1. Borate, nitrate and molybdate

Borate (in the form of tetraborate) is considered as one of the best buffers for pH control and
is one of the most common ingredients included in coolants. According to Wiggle et al.
tetraborate showed no corrosion protection activity against general corrosion [19]. Nitrate is
considered as a very effective inhibitor against pitting and crevice corrosion of aluminum
surfaces and is usually an important additive (mainly in combination with silicate) in engine
coolants used for aluminum-built equipment [20, 21]. Molybdate was found to be amongst
the most broadly applicable corrosion inhibitors, mainly due to its efficacy to protect both
ferrous and non-ferrous metals and its relatively low toxicity [22]. It was proposed that
molybdate is adsorbed on the native oxide layer on the metal surface, producing a layer
impermeable to other aggressive anions (e.g., CI- and SOZ ). More often, molybdate is
added in combination with synergistic compounds, like film-forming agents. These agents
provide a primary passivating film more readily than does molybdate alone. The addition of
molybdate promotes primary film formation, resulting in better quality barrier films [19].

2.1.2. Silicate

Silicate was reported to exert outstanding corrosion protection for several metallurgies,
forming a stable protective film on the metal surface, when present in the solution at
sufficiently high concentrations. According to a published study, silicate at a dosage
>0.2 g/L (as Na,SiO3;-9H,0, 42 ppm expressed as SiO,), and in the presence of other
inorganic inhibitors such as tetraborate and phosphate, achieved efficient corrosion
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protection [11]. Later on, Van de Ven et al. [23] established that for conventional coolants
0.04% wi/w (as Na,SiO3-9H,0, 115 ppm expressed as SiO,) was the minimum concentration
of silicate required in the coolant solution for efficient corrosion protection of aluminum
heat-transfer surfaces, according to well-known protocols (ASTM D). The corrosion
products formed on aluminum-containing metal surfaces presumably interact with the
silicates to form thin, stable aluminume-rich silicate surface films. These films were reported
to successfully impede the corrosive attack. Additionally, it was suggested that silicate-based
coolant technology was superior in performance and a well-stabilized silicate-containing
coolant passivates an aluminum surface more rapidly than other coolant technologies.
Nevertheless, a poorly stabilized silicate-containing coolant, with lower active silicate levels,
showed decreased corrosion protection efficiency. At lower silicate concentrations, the
abovementioned protective film is no longer effective, and corrosion is more likely to occur,
together with the formation of corrosion debris [24]. Furthermore, heat-transfer corrosion
tests showed that as soon as the soluble silicate levels drop below 115 ppm, the corrosion
protection is compromised. Pre-treatment of the aluminum surfaces with mixtures containing
higher silicate levels was found to be ineffective. It is, therefore, important to have sufficient
amount of active (soluble) silicates in the cooling system so that they can continuously repair
the protective film and maintain its integrity in an otherwise aggressive alkaline environment
[23].

2.1.3. Phosphate

The use of phosphates (plural is used because various types of phosphates, e.g., ortho-, pyro-,
and hexametaphosphate have been used) for corrosion control in boiler systems dates back
to 1930 [25]. Phosphate is also well known for its ability to form protective layers on critical
surfaces, protecting the various components of the cooling systems against corrosion. More
specifically, phosphate has proven to be a good inhibitor against cavitation and
erosion/corrosion for aluminum-based metallurgies, as well as for general corrosion
protection for most metals in a cooling system [20]. Thermodynamic studies indicated that
the adsorption of phosphate onto a metallic surface is a spontaneous process occurring
through physisorption. As it was demonstrated by surface analysis methods, the inhibition
mechanism of phosphate ions for steel surfaces was attributed to the formation of a passive
film with a “double” layer on the surface. The inner layer was formed by iron oxyhydroxides,
while the outer layer consisted of iron phosphate salts, like FeHPO4, Fe3(PO,), and FePO,
formed via a dissolution-precipitation mechanism. Similarly, a highly adherent Al;O3 barrier
is known to be formed on the surface of aluminum alloys [26]. In general, it is believed that
phosphate-based inhibitors react with metal cations present, such as Ca?*, forming metal
phosphate precipitates. These precipitates are subsequently deposited onto the critical
surfaces or adsorbed at the pit locations on the metal surface where corrosion has already
been initiated, acting as a physical barrier, and impending the diffusion of aggressive ions
[27]. However, if the process is not carefully controlled, thick metal phosphate layers may
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be deposited on the critical equipment, inducing unwanted phenomena, such as inefficient
heat transfer.

A significant disadvantage of this type of inhibitor system is its relatively short service
life. Due to the formation of the protective layer and/or uncontrol scaling, these inhibitors
are rapidly depleted from the cooling system [28]. Other disadvantages of inorganic
inhibitors, including toxicity (chromate), low stability (silicates, phosphates) and selective
protective action (nitrites), have led the research efforts towards the application of organic
compounds as possible inhibitors [29].

2.2. Organic additive technology (OAT)

Organic-based corrosion inhibitors have been used as alternatives to “conventional”
(inorganic) inhibitors due to several attractive features, such as their non-toxicity and low
environmental impact, biodegradability, long service life, acceptable corrosion inhibition
efficiency etc. [27] OAT was introduced in the late 80s and was based on the use of organic
acid inhibitors, specifically neutralized carboxylic acids, commonly referred to as
carboxylates. US manufacturers were the first ones to use organic acid inhibitors, followed
by European automakers. Since the 90s the use of OAT-based coolants became widespread
worldwide.

Corrosion protection in this case is achieved by chemical interactions of carboxylates
with the metallic corrosion sites, rather than the formation of a protective layer covering the
entire metallic surface (the latter being the case for inorganic inhibitors). Studies have shown
that under the heat-transfer conditions occurring in an engine cooling system, carboxylates
are chemically bonded to the metal surface forming a molecular film only at the anodic sites,
where a high potential of corrosion exists. More specifically, adsorption of the carboxylate
inhibitors at the spots where the oxide layer is destroyed leads to the formation of a
temporary “patch” (<0.1 um thickness), thus preventing further adsorption of aggressive
ions and therefore inhibiting corrosion of the metal surface. It was reported that the inhibitor
can either adsorb from the solution directly onto the anodic sites, or diffuse laterally to the
anodic site, having already been adsorbed onto the metal surface. Importantly, this does not
affect the heat transfer at the metal surface-cooling medium interface. As soon as the oxide
layer is re-formed, the inhibitor is released back to the solution or moves to another nearby
anodic spot [14]. Nevertheless, carboxylates were also reported to have a threshold value.
Below this value, no net effect of aliphatic acids on the corrosion of the metal can be
observed. Notably, the decreased corrosion protection observed for lower levels of inhibitors
is much less intense for the carboxylates compared to the silicates [14].

Thus, carboxylates provide higher levels of stability and robustness, as well as better
heat-transfer characteristics compared to the IAT coolants. These attractive features, along
with the very low depletion rates of the carboxylate-based inhibitors, have led to the global
use of the OAT coolant technologies. Furthermore, these organic acid inhibitors, also called
“universal” inhibitors, are more environmentally friendly. They can be blended with other
coolants of the same technology without any compromise in their performance. The OAT
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coolants meet the Asian and European antifreeze requirements as they do not contain
silicates or phosphates [10, 12].

2.3. Hybrid organic acid technology (HOAT)

Recently, the need was apparent to overcome the negative effects of inhibitor depletion
occurring in IAT coolants, to ensure extended life performance, and to manage/control multi-
metal systems. Hence, the synergetic effect of the above mentioned organic and inorganic
inhibitors was exploited, introducing the so called “hybrid” coolants [23]. These include
either a traditional coolant (containing inorganic inhibitors) that includes a minimum amount
of organic inhibitors, or an OAT coolant with the addition of synergistic inorganic inhibitors.
The latter type includes coolants with inorganic co-inhibitors such as silicate or phosphate,
in addition to the organic acid inhibitors, in order to optimize performance.

The protective film formed in the presence of carboxylates (OAT-based coolants),
provides good protection against corrosion of the aluminum heat-rejecting surface. At high
silicate levels, the silicate film showed the same corrosion protection efficiency. For
intermediate silicate levels though, this film is no longer effective in preventing corrosion of
the aluminum surface. Nevertheless, it was reported that the formation of the silicate layer
precedes the formation of the organic acid adsorption layer. At low silicate levels, the
protective silicate layer initially formed, is gradually replaced by a layer of corrosion
products. If no alternative aluminum corrosion inhibitor is present, the surface will readily
corrode. However, in the presence of carboxylates, the silicate layer when broken down is
replaced by a carboxylate protective layer [14].

Therefore, more efficient corrosion inhibition was reported for hybrid coolant
technologies compared to OAT or IAT coolants, as both anodic and cathodic inhibition was
achieved. The high stability and non-consuming behavior provided by organic inhibitors was
reinforced by the efficient, inexpensive multi-metal protection provided by silicate or
phosphates [10].

3. Scale Formation and Deposition

Cooling systems often suffer from inorganic scale formation and deposition [7]. Under high-
stress conditions thick layers of scale can be deposited onto critical heat-transfer surfaces,
causing several catastrophic impacts, such as decreased thermal efficiency of heat
exchangers, flow oscillations or flow blockage, cavitation and underdeposit corrosion of the
metal components. Additionally, cracked heads, warped engine blocks and cooling system
fans’ malfunction can occur resulting to overheating due to inefficient operation of the
cooling system. Thus, it is apparent that scale deposition impairs the operation of the cooling
equipment leading to challenging operation problems such as frequent and difficult repairs,
costly overhauls, and related system outages [30].

The formation of these deposits in a cooling system is strongly influenced by various
parameters such as water hardness or system metallurgy. The presence of metal ions in a
cooling system, due to the water used for dilution of the coolant concentrate or due to
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leaching of metal ions from the metallic surfaces, can cause excessive precipitation. For
example, calcium and magnesium, as well as aluminum, iron and copper ions can form
insoluble salts or gels in the presence of carbonates, phosphates, and silicates. The water
used for coolant dilution purposes can vary considerably in composition, depending on the
geographical location around the globe. Another factor that affects scale formation is the
system operational temperature [31]. Most common scales that deposit onto heat-transfer
surfaces, are those that exhibit inverse solubility with temperature (i.e., their propensity to
form increases with increasing temperature), like calcium carbonate, calcium phosphate and
various metal silicates. More specifically, these types of scale-forming salts can be
completely soluble at lower temperatures. But, as the temperature of the system is increased
the solubility of those scales is drastically decreased leading to supersaturation, especially in
the higher-temperature areas of the cooling fluid, near the heat transfer surfaces. Thus, their
propensity to drop out from the working fluid increases and precipitation on the hot surfaces
occurs [3]. Additionally, normal solubility salts (whose solubility increases with increasing
temperature), such as colloidal/amorphous silica may form and deposit during cooling
processes. Moreover, deposit formation can also be influenced by fluid velocity and
residence time, concentration of oxygen, pH, and the presence of corroded surfaces. Scale
generally tends to form in areas with low flow and high dissolved oxygen levels. Common
scales encountered in cooling systems include calcium carbonate, calcium sulphate, calcium
phosphate, silica, and metal silicates. Scales and deposits that are of particular interest for
the engine coolant applications include amorphous silica, metal silicate and metal phosphate
scales.

Silica is the most infamous example of amorphous scale precipitation. Silicates are
added in the coolant concentrate as chemical additives, due to their ability to provide
efficient corrosion protection for various metal surfaces. Unfortunately, long term stability
of the soluble silicate species in coolants is difficult, leading to excessive precipitation in the
cooling systems, as well as depletion of the corrosion inhibitor (active silicate). Removal or
dissolution of such precipitates is particularly difficult, time consuming and expensive.
Currently, limited information is available about the polycondensation process of silicic acid
taking place in a coolant environment. According to a recent publication, however, it was
established that silicate is rapidly polymerized in a coolant environment, and that its
condensation is faster and more efficient than that in pure water systems [30]. When
implementing approaches for the mitigation of silica scaling, the presence of certain ions,
such as Mg?*, Fe** or AI** should be carefully considered as well [32, 33]. When pH levels
exceed neutral, silica is present in the form of silicate anions (e.g., (HO)sSiO~, which is the
mono-deprotonated form of silicic acid) that readily react with metal ions, such as Mg?*, Fe3*
or AI**, to form insoluble metal silicates. In fact, it has been shown that silica can precipitate
at concentrations below its saturation limit when such metal cations are present [34, 35].
Thus, the presence of these metal cations and their hydroxides have been reported to
aggravate silicate fouling, especially at high pH regions, leading to massive precipitation
[31, 35]. In some cases, aluminum-containing siliceous precipitates have been observed to
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adhere to industrial critical equipment [35]. Furthermore, corroded steel surfaces (e.g.,
corroded pipes or heat exchanger tubes) are prone to silicate fouling. Corrosion products
such as iron oxides/hydroxides present on metallic surfaces may act as a deposition matrix
for siliceous deposits. Again, to the best of our knowledge, limited research has been
conducted on metal-silicate scale formation and stabilization in coolant or MEG
environment.

Phosphate is another well-known additive used in certain coolant formulations as an
effective corrosion inhibitor. As discussed in detail above, efficient corrosion protection of
the metallic surfaces is achieved through the formation of a protective phosphate-containing
layer. Furthermore, in the presence of metal ions, especially Ca?*, a thin film of metal
phosphate scale deposit has been observed to form on critical surfaces, in the cooling systems
[37]. If the process is not carefully controlled, thick metal phosphate layers may be deposited
on critical equipment, causing catastrophic events such as reduction of the heat-transfer
capacity or flow blockage. Moreover, metal phosphate precipitates are typically less soluble
in neutral or alkaline conditions [36, 38] while the pH of a coolant is typically ~8—-9, which
is the edge of calcium phosphate scale solubility in aqueous systems. Apart from pH,
temperature is another factor that may influence the precipitation of metal phosphate scales.
Calcium phosphates (both crystalline and amorphous) exhibit inverse solubility
characteristics with increased precipitation observed at higher temperatures [39]. The
presence of organic solvent was also found to enhance calcium phosphate formation. The
solubility of two crystalline forms of calcium phosphate precipitates was reported to decrease
in mixed ethanol/water solutions (higher pKs, values) [40]. Interestingly, the presence of
polyethylene glycol (PEG) [41] and glycerol [39] during calcium phosphate precipitation
was reported to favour amorphization.

The use of phosphates, albeit necessary, usually leads to the formation of highly
insoluble calcium phosphate deposits which harm the critical equipment of industrial
systems, like heat exchangers. These precipitates are frequently attributed to hydroxyapatite
[Cas(PO,4)3(OH), HAP]. Among the various calcium phosphates, tricalcium phosphate and
hydroxyapatite are the most commonly observed scales in cooling systems [42]. It was
reported that, if sufficiently high alkalinity is achieved (above 200 ppm, in the form of the
hydroxide ion, OH™), phosphate will combine with the available Ca?* to form HAP, which
appears in the form of soft voluminous particles and can be easily removed. If, however,
there is insufficient hydroxide ion present, the Ca?" ions react with the phosphate to form
tricalcium phosphate [Cas(PQO4)2]. The latter is a very dense, hard, grey deposit that forms a
tenacious scale on critical metal surfaces. In cases of water softener failure, metal ions such
as Ca?*and Mg?* (from the use of hard water) will combine with hydroxide ions forming
metal hydroxides. Thus, the hydroxide ions will no longer be available for the formation of
hydroxyapatite and the calcium ions will combine with the available phosphate, forming the
undesirable tricalcium phosphate [43]. Apart from Ca?*, the presence of other metal ions,
including Mg?* (from hard water), Fe®*?* or AI** (leaching form metallic surfaces due to
uncontrolled corrosion), is responsible for the formation of tenaciously adhering metal
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phosphate scale forming on various equipment parts (piping, pumps, heat exchanger,
aerators, etc.) [44, 45].

Deposition of calcium phosphate on heat exchangers, as well as iron phosphate on
radiators has been reported as a problem that must be combated when phosphate is present
in a coolant, although limited knowledge is available in the literature [31]. Thus, the use of
scale inhibitors is necessary to reduce the potential deposition and control the scale layer
thickness [46]. However, there are no available research studies focused on scale inhibitors
used in the cooling fluids.

4. Conclusions

For a cooling system to be able to operate properly, the following actions need to be
implemented: (a) control of problems related to corrosion, scaling, fouling and biological
growth, (b) maintenance of balanced chemical composition and operation parameters in the
recommended range, (c) cost-effectiveness, (d) safeguarding of human health, as well as (e)
adherence to environmental requirements and restrictions. Various factors that need to be
considered for the selection of chemical additives as scale or corrosion inhibitors and/or
dispersants include compatibility with formulation ingredients, water composition (i.e.
hardness), additive stability and performance under heat-stressed conditions, and
environmental acceptability. The need for both efficient and environmentally friendly
inhibitors has led to continuous research to achieve improved performance [47]. In order to
apply the most suitable scale and corrosion inhibitor(s) in a cooling system several factors
must be taken into account: the system operating conditions, the type of metallurgy and other
surfaces that come in contact with the cooling medium, the water quality being used, as well
as the potential problems/contaminations that may occur under normal operation conditions
[48].

Conflicts of interest
The authors declare no conflict of interest.

References

1. R.E. Beal, Engine Coolant Testing: 2nd Symposium, ASTM International, International
Symposium on Engine Coolants and Their Testing, Philadelphia, 1984,

2.Y.Gai, M. Kimiabeigi, Y.C.Chong, J. Widmer, X.Deng, M. Popescu, J. Goss,
D. Staton and A. Steven, Cooling of Automotive Traction Motors: Schemes, Examples,
and Computation Methods, IEEE Trans. Ind. Electron., 2019, 66, no. 3, 1681-1692. doi:
10.1109/TIE.2018.2835397

3. R.E. Beal, Engine Coolant Testing, 3rd Volume, ASTM International, Philadelphia,
1993.



https://doi.org/10.1109/TIE.2018.2835397

Int. J. Corros. Scale Inhib., 2024, 13, no. 3, 1355-1374 1371

10.

11.

12,

13.

14,

15.

16.

17.

. A. Rajendiran, E. Elias, K. Sutar, S.R. Paranjpe, K. Krishnasamy and D. Ganguli, Study
on Corrosion Inhibitors of Eco-Friendly Radiator Coolants, J. Miner., Met. Mater. Eng.,
2019, 5, 58-72. doi: 10.31437/2414-2115.2019.05.7

. V.V. Huy, H.T. Quang, A. Katolik, N.H. Dan and S.M. Gaidar, The Development of
Corrosion Inhibitor Used in the Automotive Coolant, Russ. J. Appl. Chem., 2022, 94,
1577-1584.

. B.Yang, P.Woyciesjes and A. Gershun, Comparison of Extended Life Coolant
Corrosion Protection Performance, SAE Tech. Pap., 2017. doi: 10.4271/2017-01-0627

. R.D. Hudgens, R.D. Hercamp, J. Francis, D.A. Nyman and Y. Bartoli. An Evaluation of
Glycerin (Glycerol) as a Heavy Duty Engine Antifreeze/Coolant Base, SAE Tech. Pap.,
2007. doi: 10.4271/2007-01-4000

. P. Fritz, Engine Coolant Basics, Machinery Lubrication, 2006. Link (accessed April
2024).

. W.J. Rossiter, P.W. Brown and M. Godette, The Determination of Acidic Degradation

Products in Aqueous Ethylene Glycol and Propylene Glycol Solutions Using lon

Chromatography, Sol. Energy Mater., 1983, 9, no. 3, 267-279. doi: 10.1016/0165-

1633(83)90049-7

L.B. Coelho, M. Lukaczynska-Anderson, S. Clerick, G. Buytaert, S. Lievens and

H.A. Terryn, Corrosion Inhibition of AA6060 by Silicate and Phosphate in Automotive

Organic Additive Technology Coolants, Corros. Sci.,, 2022, 199, 110188. doi:

10.2139/ssrn.4005953

R.R. Wiggle, V. Hospadaruk, F.M. Tibaudo, Corrosion of Cast Aluminum Alloys under

Heat-Transfer Conditions, SAE Tech. Pap., 1981.

M.A. Deyab, R.Essehli and B.E.Bali, Performance Evaluation of Phosphite

NaCo(H,P0s)s;-H,O as a Corrosion Inhibitor for Aluminum in Engine Coolant

Solutions, RSC Adv., 2015, 5, 48868—-48874. doi: 10.1039/C5RA06611E

F. Verpoort, T. Haemers, P. Roose and J. Maes, Characterization of a Surface Coating

Formed from Carboxylic Acid-Based Coolants, Appl. Spectrosc., 1999, 53, no. 12,

1528-1534.

T.W. Weir and P. Van de Ven, Review of Organic Acids as Inhibitors in Engine

Coolants, SAE Tech. Pap., 1996.

N.O. Eddy, U.J. Ibok, R. Garg, R. Garg, A. Igbal, M. Amin, F. Mustafa, M. Egilmez and

A.M. Galal, A Brief Review on Fruit and Vegetable Extracts as Corrosion Inhibitors in

Acidic Environments, Molecules, 2022, 27, no. 9, 2991. doi:

10.3390/molecules27092991

B. Szilagyi, Corrosion Inhibitors in Antifreeze Coolants, 44" International Petroleum

Conference, Bratislava, Slovak Republic, September 2122, 2009.

M. Atif, H.Z. Haider, R. Bongiovanni, M. Fayyaz, T. Razzaq and S. Gul, Physisorption

and Chemisorption Trends in Surface Modification of Carbon Black, Surf. Interfaces,

2022, 31, 102080. doi: 10.1016/j.surfin.2022.102080



http://dx.doi.org/10.31437/2414-2115.2019.05.7
http://dx.doi.org/10.4271/2017-01-0627
https://dx.doi.org/10.4271/2007-01-4000
https://www.machinerylubrication.com/Read/841/coolant-fundamentals
https://dx.doi.org/10.1016/0165-1633(83)90049-7
https://dx.doi.org/10.1016/0165-1633(83)90049-7
http://dx.doi.org/10.2139/ssrn.4005953
http://dx.doi.org/10.1039/C5RA06611E
http://dx.doi.org/10.3390/molecules27092991
http://dx.doi.org/10.1016/j.surfin.2022.102080

Int. J. Corros. Scale Inhib., 2024, 13, no. 3, 1355-1374 1372

18.

19.

20.

21,

22,

23.

24,

25.

26.

217,

28.

29.

30.

31.

32.

K.K. Kennedy, K.J. Maseka and M. Mbulo, Selected Adsorbents for Removal of
Contaminants from Wastewater: Towards Engineering Clay Minerals, Open J. Appl.
Sci., 2018, 8, no. 8, 355-369. doi: 10.4236/0japps.2018.88027

R.R. Wiggle, V. Hospadaruk and E. Styloglou, Effectiveness of Engine Coolant
Inhibitors for Aluminum, Mater. Perform., 1981, 20, no. 6, 13—-18.

J. Huff, R.R. Wiggle and V. Hospadaruk, Protection of aluminum based structures
against heat transfer corrosion in cooling systems, US Pat., US4508684A, 1985.

Jr.J.J. Truhan and R.D. Hudgens, Effect of Nitrate Concentration on Passivation of
Aluminum Alloys in Commercial Coolants for Heavy Duty Diesel Engines, SAE Tech.
Pap., 1990.

M.S. Vukasovich and J.P.G. Farr, Molybdate in Corrosion Inhibition—a Review,
Polyhedron, 1985, 5, no. 1-2, 551-559. doi: 10.1016/s0277-5387(00)84963-3

P. Van de Ven and J. Maes, The Effect of Silicate Content in Engine Coolants on the
Corrosion Protection of Aluminum Heat-Rejecting Surfaces, SAE Tech. Pap., 1994,
R.E. Beal, Engine Coolant Testing, 4" Volume, ASTM International, Conshoshocken,
1999.

C.J. Lytle and M. Edwards, Phosphate Chemical Use for Sequestration, Scale Inhibition,
and Corrosion Control, ACS EST water, 2023, 3, no.4, 893-907. doi:
10.1021/acsestwater.2c00570

J.A.Hill, T.Markley, M. Forsyth, P.C.Howlett and B.R.W. Hinton, Corrosion
Inhibition of 7000 Series Aluminium Alloys with Cerium Diphenyl Phosphate, J. Alloys
Compd., 2011, 509, no. 5, 1683-1690. doi: 10.1016/j.jallcom.2010.09.151

D.M. Bastidas, U. Martin, J.M. Bastidas and J. Ress, Corrosion Inhibition Mechanism
of Steel Reinforcements in Mortar Using Soluble Phosphates: A Critical Review,
Materials, 2021, 14, no. 20, 6168. doi: 10.3390/mal14206168

L.S. Bartley, P.J. Fritz, R.J. Pellet, V.C. Moser, R. Baum, R. Zick, Hind Abi-Akar and
P. Rothbart, Extreme Field Test for Organic Additive Coolant Technology, SAE Tech.
Pap., 2005.

T. Szymura, Deposits in water-based cooling systems, Physicochem. Probl. Miner.
Process., 2008, 42, 131-140.

G. Skordalou, S. Clerick, G. Buytaert, 1. Verlent, S.Lievens and K.D.Demadis,
Unraveling Silica Auto-Condensation and Dissolution Chemistry in Engine Coolant
Fluids: Applications in Automotive Coolant Organic Additive Technology (OAT), Int.
J. Corros. Scale Inhib., 2023, 12, no. 2, 621-653. doi: 10.17675/2305-6894-2023-12-2-13
K. lijima, S.Ohkawa and K. Iwakata, Development of Non-Amine Type Engine
Coolant, Komatsu Technical Report, 2002, 48, no. 149, 149-152. Link (accessed May
2024).

K.D. Demadis, A. Ketsetzi and E.M. Sarigiannidou, Catalytic Effect of Magnesium lons
on Silicic Acid Polycondensation and Inhibition Strategies Based on Chelation, Ind. Eng.
Chem. Res., 2012, 51, no. 26, 9032-9040. doi: 10.1021/ie3010836



http://dx.doi.org/10.4236/ojapps.2018.88027
https://dx.doi.org/10.1016/s0277-5387(00)84963-3
http://dx.doi.org/10.1021/acsestwater.2c00570
http://dx.doi.org/10.1016/j.jallcom.2010.09.151
http://dx.doi.org/10.3390/ma14206168
https://dx.doi.org/10.17675/2305-6894-2023-12-2-13
https://www.komatsu.jp/en/company/tech-innovation/report/pdf/149-02_E.pdf
https://doi.org/10.1021/ie3010836

Int. J. Corros. Scale Inhib., 2024, 13, no. 3, 1355-1374 1373

33

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

. T. Yokoyama, Y. Takahashi, C. Yamanaka and T. Tarutani, Effect of Aluminium on the
Polymerization Silicic Acid in Aqueous Solution and the Deposition of Silica of Silica,
Geothermics, 1989, 18, no. 1-2, 321-326.

J. Kucera, Reverse Osmosis Membrane Fouling Control, Sci. Technol. Ind. Water Treat.,
IWA Publishing, 2010, 248—-266.

K.D. Demadis, Recent Developments in Controlling Silica and Magnesium Silicate
Foulants in Industrial Water Systems, Sci. Technol. Ind. Water Treat., IWA Publishing,
2010, 179-200.

A. Spinthaki, M. Kamaratou, G. Skordalou, G. Petratos, I. Petrou, A. Tramaux,
G. David and K.D. Demadis, Searching for a Universal Scale Inhibitor: A Multi-Scale
Approach towards Inhibitor Efficiency, Geothermics, 2021, 89, no.5, 101954. doi:
10.1016/j.geothermics.2020.101954

I.M. Zin, S.B. Lyon and V.l. Pokhmurskii, Corrosion Control of Galvanized Steel Using
a Phosphate/Calcium lon Inhibitor Mixture, Corros. Sci., 2003, 45, no. 4, 777-788. doi:
10.1016/S0010-938X(02)00130-0

M.A.J. Mazumder, A Review of Green Scale Inhibitors: Process, Types, Mechanism and
Properties, Coatings, 2020, 10, no. 10, 928. doi: 10.3390/coatings10100928

J.D. Termine, R.A. Peckauskas and A.S. Posner, Calcium Phosphate Formation in Vitro:
Il. Effects of environment on amorphous-crystalline transformation, Arch. Biochem.
Biophys., 1970, 140, no. 2, 318-325. doi: 10.1016/0003-9861(70)90072-x

M.S. Tung, Calcium Phosphates: Structure, Composition, Solubility, and Stability,
1998, 1-19. doi: 10.1007/978-1-4615-5517-9 1

S. Liu, W. Weng, Z. Li, L. Pan, K. Cheng, C. Song, P. Du, G. Shen and G. Han, Effect
of PEG Amount in Amorphous Calcium Phosphate on Its Crystallized Products, J.
Mater. Sci.: Mater. Med., 2008, 20, no. 1, 359—-363. doi: 10.1007/s10856-008-3584-1
Z. Amjad and P.G. Koutsoukos, Mineral Scales and Deposits: An Overview, Sci.
Technol. Ind. Water Treat., IWA Publishing, 2010, 2—-18.

T. Bruce and Sr. Ketrick, Boiler Water Treatment, Sci. Technol. Ind. Water Treat., IWA
publishing, 2010, 298-317.

P.G. Koutsoukos and A.N. Kofina, Phosphate-Containing Scale Formation in
Wastewater, Sci. Technol. Ind. Water Treat., IWA Publishing, 2010, 205-223.

P.H. Hsu, Comparison of Iron(ll1) and Aluminum in Precipitation of Phosphate from
Solution, Water Res., 1976, 10, 903-907.

Y.A. Xie, B. Chen and D. Meier, A Novel Non-Phosphorous Cooling Water Treatment
Program with Robust Scaling and Corrosion Control, Paper presented at the
CORROSION 2019, Nashville, Tennessee, USA, 2019, Paper Number: NACE-2019-
13009.

M. Oshchepkov and K. Popov, Fluorescent markers in water treatment, Desalin. Water
Treat., InTech, 2018, 311-331. doi: 10.5772/intechopen.76218



http://dx.doi.org/10.1016/j.geothermics.2020.101954
http://dx.doi.org/10.1016/S0010-938X(02)00130-0
http://dx.doi.org/10.3390/coatings10100928
https://doi.org/10.1016/0003-9861(70)90072-x
https://dx.doi.org/10.1007/978-1-4615-5517-9_1
https://dx.doi.org/doi:%2010.1007/s10856-008-3584-1
http://dx.doi.org/10.5772/intechopen.76218

Int. J. Corros. Scale Inhib., 2024, 13, no. 3, 1355-1374 1374

48. L.A. Perez, G.E. Geiger and C.R. Ascolese, Design and Applications of Cooling Water
Treatment Programs, Sci. Technol. Ind. Water Treat., IWA Publishing, 2010, 113-126.
doi: 10.1201/9781420071450-c7

LA A 4


http://dx.doi.org/10.1201/9781420071450-c7

