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Abstract: Sewerage systems consist of several different parts, components and materials. Many of
them are metallic structures, such as pumps, valves, ladders and wells, which are necessary for the
proper operation of wastewater transport systems. Wastewater pipelines can be a highly corrosive
environment, mainly due to the presence of biogenic sulfuric acid. In the present study, seven
magnesium hydroxide and one magnesium oxide materials were used as protective coatings applied
onto the surface of certain stainless steel and mild steel specimens against sulfuric acid corrosion.
The coated specimens were subjected to accelerated sulfuric acid spraying tests and their behavior
was evaluated by using optical observation, mass measurements and electrochemical impedance
spectroscopy. According to the results, the coating prepared from a magnesium hydroxide powder
with relatively low specific surface area and smaller particle size was optimal for the protection of the
examined steel specimens.

Keywords: corrosion control; magnesium hydroxide coatings; stainless steel; mild steel; electrochem-
ical impedance spectroscopy

1. Introduction

Microbiologically induced corrosion (MIC) is mainly responsible for the extended
corrosion of construction materials in most wastewater transport pipeline systems. The
sewer infrastructure is constructed mainly of concrete (especially large diameter pipes)
and steel (i.e., valves, pumps, ladders, small diameter pipes, etc.). MIC takes place when
microorganisms, such as specific bacteria, excrete corrosive metabolic products to their
environment [1,2]. More specifically, biogenic sulfuric acid can be produced from microor-
ganisms (sulfur oxidizing bacteria), and when the acid contacts the relevant surfaces, this
leads to the formation of corrosion products, which overall weaken the structural stability
of the sewerage system.

In order to mitigate the corrosion problems, several methods are examined and used,
such as the replacement of construction materials with corrosive-resistant ones [3,4], or the
addition of specific chemicals to the wastewater (such as nitrates, nitrites or bases such as
sodium hydroxide) to block the microorganisms’ development [5,6]. Finally, the application
of protective coatings on the surfaces is commonly applied as a cheaper solution, to avoid
costly replacement or the supplementary contamination of wastewater with the added
chemical agents. Several different anti-corrosion protective coatings have been studied for
concrete [7,8] as well as for the protection of steel surfaces in the relevant literature [9,10].
Magnesium-based coatings have already been studied for the protection of concrete against
the sulfuric acid attack, due to their ability to react with the acid (neutralizing it), as well as
their alkaline characteristics (maintaining alkaline surface values), which create a hostile
environment for the growth of unwanted bacteria [11–15].

Magnesium hydroxide coatings are environmentally safe, non-toxic and relatively
low-cost, in contrast to polymeric coatings. In that way, they can be studied for the
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protection of steel surfaces used in the sewer pipe system. Modified magnesium hydroxide
coatings were applied on magnesium alloys and studied for their corrosion protection
in a relevant study [16]. To our knowledge, no research has been performed evaluating
magnesium hydroxide coatings for their corrosion protection on steel substates under
sulfuric acid attack.

In this study, magnesium hydroxide coatings were applied onto steel substrates and
examined for their anticorrosion ability. The coatings were prepared by using magnesium
hydroxide and/or oxide powders, with different properties (i.e., specific surface area and
particle size distribution). Seven magnesium hydroxide coatings and one magnesium oxide
coating were applied on the surface of specific stainless steel and mild steel specimens,
materials commonly used in sewerage applications. After that, the coated steel specimens
were subjected to accelerated acid spraying tests. The protection of the substrates was
evaluated with optical observation, mass measurements and electrochemical impedance
spectroscopy measurements (EIS).

2. Materials and Methods
2.1. Coatings and Substrates
2.1.1. Coatings

Eight coatings were examined (C1–C8), seven based on magnesium hydroxide and
one based on magnesium oxide. The magnesium oxide and hydroxide powders, used for
the preparation of coatings, were supplied by Grecian Magnesite S.A. (Gerakini, Greece);
their detailed chemical composition and properties were presented in previous relevant
studies [12,14,17]. The magnesium hydroxide powders, used for coating purposes, result
from the hydration of magnesium oxide powders having different properties (i.e., specific
surface area, MgO content), and under different preparation conditions (i.e., duration of
hydration, hydration agent).

The magnesium hydroxide powders presented different specific surface area, particle
size distribution and purity, and we aimed to examine the different impacts of major
physicochemical properties on the protection performance of each coating. The composition
of the powders is presented in Table 1 and the respective specific surface areas and particle
size distributions of these powders are presented in Table 2. The coatings were synthesized
by the addition of deionized water and the respective solid powders. For the magnesium
hydroxide coatings, methylcellulose was also added (0.4 wt %) to enhance the coatings’
adhesion onto the surface of steel specimens, as well as a common dispersant polymer to
improve the coatings’ dispersion stability and workability. The respective synthesis route
was extensively described previously [12,14].

The thickness of applied coatings ranged between 0.8 and 1.2 mm, and its selection
was based on relevant literature and preliminary studies [14,18–20]. Preliminary studies
also determined the amount of coating to be applied in order to obtain the desired thickness,
being 0.18–0.20 g/cm2.

Table 1. Composition of the studied powders [17].

MgO SiO2 CaO Fe2O3 Al2O3 SO3 LOI

C1 63.49 8.77 2.30 0.15 0.15 0.11 25.03
C2 63.15 8.73 2.29 0.15 0.15 0.11 25.42
C3 66.54 3.05 1.48 0.07 0.07 0.09 28.70
C4 61.91 8.80 2.31 0.15 0.15 0.11 26.57
C5 65.00 3.32 1.52 0.08 0.05 0.14 29.90
C6 62.81 4.25 2.46 0.25 0.10 0.02 30.11
C7 66.76 0.40 0.30 0.03 0.05 0.10 32.06
C8 82.34 11.70 3.07 0.20 0.20 0.15 2.34
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Table 2. Specific surface area (SSA) and particle size distribution (PSD) of the studied powders [17].

Material SSA (m2/g)
PSD (µm)

D50 D90

C1 13.1 17.8 69.1
C2 18.7 8.4 29.5
C3 11.2 10.5 39.9
C4 13.2 9.5 40.8
C5 32.3 9.9 38.1
C6 7.0 3.8 13.1
C7 16.6 6.0 25.5
C8 17.7 19.5 51.5

2.1.2. Substrates

The steel test specimens were selected as stainless steel 316 and hot-rolled mild steel,
based on the relevant literature regarding common materials of use in relevant studies and
in sewerage systems [21–23]. The specimens’ dimensions were 4.8 cm × 1.5 cm × 0.2 cm.
The edges of the specimens were smoothed by using a grinding wheel, so that the coatings
can remain attached. After the specimens were washed with water, they were chemically
cleaned with petroleum ether and acetone to remove fats and grease from their surfaces,
which may hinder the proper coating application.

2.1.3. Coatings’ Application onto Steel Substrate

The coatings were applied onto the steel specimens manually by using a spatula at the
rate of 0.0018–0.002 g/mm2, according to relevant studies [12–14]. After that, the coatings
were dried for 3 days under normal laboratory conditions, i.e., temperature 21 ± 2 ◦C and
relative humidity 60 ± 10%, before testing. Although the solidification of magnesium oxide
slurry was very fast, the respective coated specimens were dried for 3 days, along with the
other coated specimens.

2.2. Sulfuric Acid Spraying Test

A laboratory-scale sulfuric acid spraying test was used to create accelerated corrosion
conditions based on the conditions existing in the real sewer pipe environment. More
specifically, a sulfuric acid solution (0.2 M) was used to simulate the biogenic sulfuric
acid that is produced by microorganisms during MIC. The respective test was empirically
developed, based on the standard salt spray test [24,25]. The sulfuric acid was sprayed in
the specifically designed chamber to form a corrosive mist, which then could contact the
coated and uncoated steel specimens. A custom-made poly (methyl methacrylate) chamber
(Figure 1) was used, designed with specimen support slots and equipped with proper
nebulizers. A condensate drain was also designed for the removal of rinse solution.

The selected spraying process duration was 4 days [14]. Every day, three specimens
were removed from the chamber and subjected to subsequent mass and EIS measurements.
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Figure 1. Custom-made spraying chamber with nebulizers and adjusted coated metallic specimens. 

The selected spraying process duration was 4 days [14]. Every day, three specimens 
were removed from the chamber and subjected to subsequent mass and EIS measurements. 

2.3. Evaluation Methods 
2.3.1. Mass Measurements 

The mass change of materials is a common corrosion evaluation method since both 
the formation of by-products and the loss of material can be measured. In this study, the 
specimens’ mass was recorded before applying the coatings and before the acid spraying 
test (denoted as the initial mass). At the end of acid spraying test, the coatings’ mass was 
recorded again (denoted as final mass). After the acid spraying test, the specimens were 
cleaned by scrubbing with a brush, so that the coating and the rust were removed. The 
initial and the final mass were used to calculate the overall mass change, aiming to eval-
uate the corrosion degree. An electronic balance (Kern PCB 350-3, Kern-Sohn GmbH, Bal-
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Figure 1. Custom-made spraying chamber with nebulizers and adjusted coated metallic specimens.

2.3. Evaluation Methods
2.3.1. Mass Measurements

The mass change of materials is a common corrosion evaluation method since both
the formation of by-products and the loss of material can be measured. In this study, the
specimens’ mass was recorded before applying the coatings and before the acid spraying
test (denoted as the initial mass). At the end of acid spraying test, the coatings’ mass was
recorded again (denoted as final mass). After the acid spraying test, the specimens were
cleaned by scrubbing with a brush, so that the coating and the rust were removed. The
initial and the final mass were used to calculate the overall mass change, aiming to evaluate
the corrosion degree. An electronic balance (Kern PCB 350-3, Kern-Sohn GmbH, Balingen,
Germany) was used for the mass recordings.

2.3.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy was used for the examination of corrosion
regarding the coated and uncoated metallic specimens. According to the relevant liter-
ature [10,16,26] and the basic principles of EIS, this method can be used to evaluate the
corrosion degree of (mostly metallic) systems, and consequently, can help to evaluate the
coatings’ protection ability.

The impedance measurements were performed by using a Vertex One potentiostat
(Ivium Technologies, Eindhoven, Netherlands) and the results were recorded by the respec-
tive software (IviumSoft, Ivium Technologies, Eindhoven, Netherlands). A three-electrode
cell was used (Figure 2), applying the KNO3 solution (0.5 M) as an electrolyte, an Ag/AgCl
reference electrode and a Pt sheet counter-electrode; finally, the steel specimens were used
as working electrodes. A sulfuric acid solution was not used as an electrolyte during the EIS
measurements; it was replaced by a KNO3 solution, aiming to evaluate the corrosion degree
of the performed acid spraying test, but not provoking any additional reaction/corrosion.

The measurements were conducted at the open circuit potential (OCP) by applying
a sinusoidal voltage signal of 10 mV, with the frequency ranging from 105 Hz to 10−2 Hz
and 10 measurement points per decade. Each experiment was repeated at least twice and
carried out on the specimens after 1, 2, 3 and 4 days of acid spraying tests. The experimental
data were fitted with suitable equivalent circuits by using ZsimpWin software.
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Figure 2. The 3-electrode cell and the experimental set-up of the electrochemical impedance spec-
troscopy measurements.

3. Results
3.1. Optical Observation

The coated and uncoated steel specimens were optically observed for rust formation
on their surfaces, indicating the oxidation/corrosion of steel. As a result, the specimens
presenting extended rust formation showed that the examined coatings could not protect
the steel substrate. However, several studied coatings seemed to sufficiently protect
the surface of steel, mostly in the case of mild steel specimens. In the case of stainless
steel specimens, no extended corrosion was optically observed, because stainless steel is
generally difficult to corrode, and therefore, it was not easy to come up with safe conclusions
through the optical observation only.

Figure 3 presents the coated and uncoated stainless steel specimens after 4 days of
acid spraying. More precisely, the coated specimens are presented after the removal of
used coatings to examine their surface for possible rust formation. However, no rust was
noticed to be formed on both coated and uncoated stainless steel specimens, so it is not
clear through the optical observation only whether the coatings can offer any protection
to these substrates. Stainless steel 316 is an alloy containing 16.5–18.5% of chromium, in
contrast to mild steel, which contains a maximum of 1% chromium. Chromium forms a
protective layer on the steel surface due to its reaction with oxygen, which is responsible
for the specific anticorrosion properties of stainless steel. However, under extreme and
severe corrosive conditions, this layer can collapse, thus still allowing the corrosion of
steel substrate.

In the case of mild steel specimens, the coatings’ protection can be optically observed.
Figure 4a shows the uncoated steel specimen after 4 days of acid spraying; the rust forma-
tion is obvious. In contrast, Figure 4b,c show the specimens’ surface after removing the
coatings C6 and C5, respectively. In these cases, the specimens seemed to be sufficiently
protected from corrosion. However, some coatings could not equally protect the respective
metal substrate, as it was observed for the specimens with coatings C2 and C4.

Additionally, an optical microscope was used to examine in detail selected steel
surfaces, both of coated and uncoated specimens. The images are presented in the Supple-
mentary Materials (Figures S1 and S2). These observations confirmed that the uncoated
mild steel specimens presented severe corrosion after the acid spraying test, in contrast
to the stainless steel specimens. Moreover, it was noticed that even for the stainless steel
specimens coated with the C2 sample (i.e., presenting relatively lower corrosion protection),
some spots of rust were observed, in contrast to the specimens coated with the C6 sample,
which did not present any corrosion spots.
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Figure 3. Comparing selected representative coated (after removing the coating) and uncoated
stainless steel specimens after 4 days of acid spraying tests: (a) uncoated specimen, (b) coated
specimen with C6 coating, (c) coated specimen with C5 coating, (d) coated specimen with coating C2,
(e) coated specimen with C4 coating.
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Figure 4. Comparing selected representative coated (after removing the coating) and uncoated mild
steel specimens after 4 days of acid spraying tests: (a) uncoated specimen, (b) coated specimen with
C6 coating, (c) coated specimen with C5 coating, (d) coated specimen with coating C2, (e) coated
specimen with C4 coating.

3.2. Mass Measurements

The mass results are presented with respect to the specimens’ mass, before and after
the acid spraying test. Coated and uncoated specimens were cleaned, so that rust and
coatings were removed. The extent of corrosion was estimated by comparing the initial
and final mass of specimens.

As it was concluded through the optical observation, the coated and uncoated stainless
steel specimens did not present any corrosion. This fact was also obvious through the
respective mass measurements, as in all cases, the mass of specimens remained constant
(Figure 5) during the acid spraying test. For this reason, in these cases, no conclusions
could be positively drawn regarding the protection of stainless steel specimens by applying
the examined coatings.

However, in the case of coated and uncoated mild steel specimens (Figure 6), the mass
results were different when comparing with the stainless steel specimens, as the relevant
optical observations were also different. The uncoated specimens were badly corroded,
and the specimens’ mass was reduced by at least 1% with respect to the initial mass. On
the contrary, the examined coatings seemed to sufficiently protect the substrates, as the
mass of coated mild steel specimens remained constant in most cases. Specimens coated
with coating C4 presented a small mass reduction (~0.4%), which indicated the reduced
protection given by this specific coating.
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Figure 6. Mass change of coated and uncoated hot-rolled mild steel specimens during the acid
spraying tests.

3.3. Electrochemical Impedance Spectroscopy

The fitting of the impedance results was performed by using the equivalent circuit of
Figure 7. Several equivalent circuits can be used, aiming to better describe each system. The
EIS is used to draw useful and practical conclusions for the studied system, so the spectrum
simulations based on more complicated equivalent circuits are not expected to offer any
better practical information. The respective equivalent circuit was selected according to the
relative literature [10,21,27,28], and the reliability of respective fitting was confirmed by the
chi-squared values, being in the order of 10−3 or smaller in most cases.

The basic parameters of this equivalent circuit for the coated and uncoated specimens
are the solution resistance (Rs), the double layer admittance (Qdl), and the charge transfer
resistance (Rct). The other parameters differ for the coated and uncoated specimens. More
precisely, for the coated specimens, the coating resistance (Rc) and the coating constant
phase element (Qc) were used, whereas for the uncoated specimens, the resistance of
corrosion products (Rf) and the double layer capacitance at the corrosion products/solution
interface (Qf) were used [29].
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Figure 7. The simple electrical equivalent circuit used to fit the EIS data for the coated and uncoated
steel specimens.

Figures 8 and 9 show the impedance spectra (Nyquist plots) that resulted for the
coated and uncoated steel specimens after 4 days of acid spraying tests. The results of the
EIS measurements were single results, selected to represent the relevant spectra between
the two outliers of the three specimens, tested for each type of sample. Figure 8 shows
the results for the stainless steel specimens and Figure 9, the mild steel specimens. The
data points correspond to the experimental data and the solid lines represent the fitting
values. The obtained data were very well fitted, according to these figures. It can also be
concluded that some coatings increased the total resistance, and as a result, they seemed to
better protect the substrates.
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Bode plots are presented in Figures 10 and 11 for stainless and mild steel specimens,
respectively. The increased phase angle of coated specimens, compared to uncoated ones,
indicated the protection provided from the coatings against corrosion [10]. Considering
the bode plot of |Z| vs. log frequency, a decrease at lower frequencies (where the cor-
rosion charge transfer process prevails) was observed, while values were aligned with
the x-axis at higher frequencies in all cases. The higher values of impedance modulus
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at lower frequencies for the specimens coated with coatings C6 and C7 indicated higher
corrosion protection.
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The differences in Bode curves between specimens are larger in the case of mild steel,
according to Figure 11. Some coated mild steel specimens presented higher impedance
at low-frequency values than the uncoated specimens, indicating better corrosion protec-
tion [16]. In both Bode diagrams (i.e., stainless steel and mild steel), the maximum angles
are lower than 90◦, indicating that the systems did not behave as ideal capacitors [30]; this
is also in line with the n values of the CPE corresponding to the surface film (significantly
lower than 1).

In order to draw more accurate conclusions, the respective parameters values should
be examined more closely.

The parameters resulting by the fitting of experimental data were estimated and
presented in the Supplementary Materials (see Tables S1–S18). These parameters offer a
deeper understanding of the system, and they were used to evaluate the coating’s protection
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ability. More specifically, the charge transfer resistance (Rct) is the main parameter that is
commonly examined when metal corrosion is studied [10,16,27,31].

Constr. Mater. 2022, 3, FOR PEER REVIEW 10 
 

 

frequencies for the specimens coated with coatings C6 and C7 indicated higher corrosion 
protection. 

 

 
Figure 10. Bode plots of coated and uncoated stainless steel specimens after 4 days of sulfuric acid 
spraying tests; the points indicate the respective experimental data, and the lines indicate the fitting 
of these data by using the equivalent circuit of Figure 7. Left: |Z| vs. log frequency, right: phase 
angle vs. log frequency. 

The differences in Bode curves between specimens are larger in the case of mild steel, 
according to Figure 11. Some coated mild steel specimens presented higher impedance at 
low-frequency values than the uncoated specimens, indicating better corrosion protection 
[16]. In both Bode diagrams (i.e., stainless steel and mild steel), the maximum angles are 
lower than 90°, indicating that the systems did not behave as ideal capacitors [30]; this is 
also in line with the n values of the CPE corresponding to the surface film (significantly 
lower than 1).  

 
Figure 11. Bode plots of coated and uncoated hot-rolled mild steel specimens after 4 days of sulfu-
ric acid spraying tests; the points indicate the respective experimental data, and the lines indicate 
the fitting of these data by using the equivalent circuit of Figure 7. Left: |Z| vs. log frequency, 
right: phase angle vs. log frequency. 

In order to draw more accurate conclusions, the respective parameters values should 
be examined more closely. 

The parameters resulting by the fitting of experimental data were estimated and pre-
sented in the Supplementary Materials (see Tables S1–S18). These parameters offer a 
deeper understanding of the system, and they were used to evaluate the coating’s 

Figure 11. Bode plots of coated and uncoated hot-rolled mild steel specimens after 4 days of sulfuric
acid spraying tests; the points indicate the respective experimental data, and the lines indicate the
fitting of these data by using the equivalent circuit of Figure 7. Left: |Z| vs. log frequency, right:
phase angle vs. log frequency.

Figures 12 and 13 present the charge transfer resistance for the coated and uncoated
specimens of stainless steel and mild steel, respectively. According to Figure 12, the
uncoated stainless steel specimens presented relatively stable resistance during the 4 days
of acid spraying tests, indicating that the specimens were not corroded, maintaining their
resistance. However, in some cases, the coated specimens presented larger Rct values
than the uncoated ones; hence, they block the electron transfer to the steel surface. As
an example, the coated stainless steel specimens with the coating C6 maintain higher Rct
values during the test than the uncoated specimens. Moreover, specimens coated with
certain coatings, such as C1, C2, C4 and C7, were found to present higher Rct values during
the first days of the acid spraying test, but a decrease was observed at the end of this
test, indicating possible coating defects or consumption that reduced the resistance, and
therefore also the protection.
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The initial Rct values of uncoated mild steel specimens were found to be reduced by
the time of acid spray test, as the test proceeds (Figure 13). This fact indicates the constant
corrosion of specimens due to the reaction of steel with sulfuric acid. However, on the
4th day, the value of this parameter was increased again, reaching the initial values. This
phenomenon was due to the extended formation of corrosion products on the specimens’
surface, according to the relevant literature [32]. The coated specimens with coating
C8 presented increased Rct values during the initial days of the spraying test, but these
values were decreased at the 4th day, indicating the detachment of the coating or the fast
consumption of it. The coatings C1, C2 and C6 seemed to maintain high Rct values by the
end of the test, and hence seemed to effectively protect the substrate.

4. Discussion

Magnesium hydroxide and oxide coatings were previously studied as concrete protec-
tive coatings against biogenic sulfuric acid corrosion, and the effect of the raw materials’
characteristics (e.g., purity, specific surface area, particle size distribution) on the coatings’
corrosion protection ability was previously defined [12,13,17]. Accordingly, in this study,
the same coatings were applied on two different steel specimens, evaluating their corrosion
protection performance, because apart from concrete, steel surfaces are also used in sewer-
age network environments and subjected to corrosion. These coatings can react/neutralize
sulfuric acid and preserve alkaline surface pH, which are considered important properties
that can block the development of microorganisms producing biogenic sulfuric acid in
sewer systems.

According to the obtained results, the stainless steel specimens seemed to inhibit
corrosion by themselves, as it was expected for this type of steel. No optical defects were
observed, and no rust (i.e., the main corrosion by-product) was noticed to be formed. These
optical observation results were confirmed also by the relevant mass measurements, as no
mass change was recorded, both for uncoated and coated specimens of this steel type. How-
ever, the EIS measurements revealed that some coated specimens, such as the specimens
coated with coatings C6 and C3, presented increased charge transfer resistance (Rct); hence,
these coatings can protect even the stainless steel surfaces over time. This improvement
of Rct values is comparable with other protective coatings, such as silane-based coatings,
previously studied by Ziadi et al. [10], which also seemed to enhance the Rct values of
stainless steel 304, even though the later specimens were tested in urban wastewater (as the
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corrosive environment) and not by harsh sulfuric acid spraying as in this study. Addition-
ally, the respective values are higher than the values of specific chemically reactive enamel
coated steel bar specimens presented in another relevant study [28]. Moreover, some coated
stainless steel specimens presented a large drop in the Rct value, such as specimens coated
with coatings C1, C2 and C3, indicating extended degradation and limited protection.
Similar behavior was observed in a relevant study for epoxy-amine urethane coatings when
applied onto mild steel specimens [9].

On the contrary, the optical observations for the uncoated mild steel specimens showed
that the corrosion caused by sulfuric acid was extended and this can lead to severe rust
formation. However, the coated mild steel specimens presented very good protection results
against corrosion, as in most cases, the protected specimens were either not corroded, or
only some specific corroded spots were observed. The coatings react with the sprayed
sulfuric acid, neutralizing it, and can effectively protect the steel surface against acid
corrosion. However, the respective optical observations showed that not all coatings
presented equally effective protection results, as some of them allowed the penetration
of acid, due to defects or fast consumption/interaction with the sprayed sulfuric acid.
For example, the coatings C2 and C4 presented the worst behavior among all examined
coatings regarding the corrosion protection. However, other coatings, such as C6 and C5,
offered satisfactory protection for the mild steel substrates, as no corrosion was optically
observed. Mass measurements agreed with these observations, as the mild steel specimens
coated with the coating C4 presented the largest mass reduction (except for the uncoated
specimens), followed by those coated with the C2 coating. The other coatings presented
almost zero mass change, indicating very good corrosion protection. The respective EIS
results indicated that the coatings C1, C2 and C6 increased the charge transfer resistance of
steel specimens, and as a result, can offer better protection. On the contrary, there is only one
case between the examined coated specimens found to present several orders of Rct value
reduction, i.e., the specimens coated with coating C8. Other coated specimens, such as those
with coatings C3 and C7, presented smaller reductions in Rct values. In comparison to other
polymeric coatings, and according to relevant studies [9], some magnesium hydroxide
coatings can offer better protection to mild steel substrates, as they present increased Rct
values (e.g., 1014 Ω cm2 in the case of C1 coating).

The equivalent circuit used in the present study was also previously used in other
relative literature studies regarding the use of coatings for the protection of metal substrates
and was examined in different corrosive environments. Ziadi et al. [10] used the same
equivalent circuit for the study of silane-based coatings, whereas Wu et al. [16] used
this circuit for the fitting of experimental data, regarding coated magnesium alloys with
magnesium hydroxide coating. In all cases, the charge transfer resistance of bare metallic
surfaces was smaller with respect to the coated metallic specimens, indicating that sufficient
protection was offered by these coatings to the metal substrates.

According to the obtained results, the coating C6 seemed to present the optimal
protection for both examined types of steel. Other coatings can also efficiently protect
the substrates, i.e., coating C3 for stainless steel and coatings C1 and C2 for mild steel
specimens, but coating C6 can protect both metallic substrates. This coating was also found
to be among the optimal selections for the protection of concrete against acid corrosion,
according to the relevant literature [17]. The low specific surface area (7 m2/g) and the
smaller particle size (d90 = 13.1 µm) of this material, when comparing to the other studied
materials, seemed to enhance its performance regarding the protection of steel surfaces
from sulfuric acid corrosion.

The results of this study showed that the magnesium hydroxide and/or oxide powders
can be effectively used as coatings for the corrosion protection of steel surfaces in sewerage
systems. In that way, the degradation of metallic surfaces subjected to biogenic sulfuric acid
attack can be prevented, hence preserving the structure and avoiding equipment damage.
Therefore, these materials can be applied throughout the pipeline network—both to the
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concrete pipes, according to previous studies [13,14], as well as the steel surfaces (such as
pumps, ladder, valves, etc.).

Future studies regarding magnesium hydroxide coatings for steel surfaces protection
can focus on testing these materials under real sewer conditions, or in the presence of
microorganisms. Moreover, other electrochemical methods, such as the Tafel method or
cyclic polarization [29,33], can also be used to examine the anticorrosion properties of these
coatings when applied on different steel surfaces.

5. Conclusions

Magnesium hydroxide and magnesium oxide coatings were used as protective coat-
ings and were applied on stainless steel and mild steel specimens. These coatings were
examined for their protection against sulfuric acid corrosion so that they can be applied on
steel surfaces in sewer environments where biogenic sulfuric acid is considered the main
corrosive agent.

The optical observations and the mass measurements showed that the stainless steel
remained unharmed, both coated and uncoated, as no corrosion and no mass change were
observed. In contrast, the mild steel specimens seemed to be effectively protected from
corrosion by the application of the respective coatings. The uncoated mild steel specimens
were corroded after the sulfuric acid spraying test, based on the optical observations and the
resulting mass changes/reduction. On the contrary, no corrosion was optically observed for
the coated mild steel specimens, and they presented almost zero mass change, indicating
that most coatings can effectively protect the mild steel substrate.

The electrochemical impedance measurements showed that some coatings enhance
the charge transfer resistance of the specimens, hence better protecting the metal substrates
from corrosion. In the case of stainless steel substrates, the coatings C6 and C3 presented
increased resistance, while in the case of mild steel specimens, the coatings C1, C2 and C6
maintained increased resistance after the end of acid spraying test.

The coating C6 is the optimal coating that can produce satisfactory results for both
type of steels, better protecting the metal/steel substrates for a longer duration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/constrmater2030012/s1, Figure S1: Surface observations, by
using an optical microscope, of uncoated stainless steel specimens (a) before and (b) after 4 days
of acid spraying test, and of uncoated mild steel specimens (c) before and (d) after 4 days of acid
spraying test. Figure S2: Surface observations, by using an optical microscope, of coated stainless steel
specimens with coating (a) C6 and (b) C2 the acid spraying test, and of coated mild steel specimens
with coating (c) C6 and (d) C2, after 4 days of acid spraying test and after removing the coatings.
Table S1: Parameter values of the equivalent circuit that result from the fitting of the experimental
data of the uncoated stainless steel specimens; Table S2: Parameter values of the equivalent circuit
that result from the fitting of the experimental data of the coated stainless steel specimens with
coating C1; Table S3: Parameter values of the equivalent circuit that result from the fitting of the
experimental data of the coated stainless steel specimens with coating C2; Table S4: Parameter values
of the equivalent circuit that result from the fitting of the experimental data of the coated stainless
steel specimens with coating C3; Table S5: Parameter values of the equivalent circuit that result from
the fitting of the experimental data of the coated stainless steel specimens with coating C4; Table S6:
Parameter values of the equivalent circuit that result from the fitting of the experimental data of
the coated stainless steel specimens with coating C5; Table S7: Parameter values of the equivalent
circuit that result from the fitting of the experimental data of the coated stainless steel specimens
with coating C6; Table S8: Parameter values of the equivalent circuit that result from the fitting of the
experimental data of the coated stainless steel specimens with coating C7; Table S9: Parameter values
of the equivalent circuit that result from the fitting of the experimental data of the coated stainless
steel specimens with coating C8; Table S10: Parameter values of the equivalent circuit that result
from the fitting of the experimental data of the uncoated mild steel specimens; Table S11: Parameter
values of the equivalent circuit that result from the fitting of the experimental data of the coated
mild steel specimens with coating C1; Table S12: Parameter values of the equivalent circuit that
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result from the fitting of the experimental data of the coated mild steel specimens with coating C2;
Table S13: Parameter values of the equivalent circuit that result from the fitting of the experimental
data of the coated mild steel specimens with coating C3; Table S14: Parameter values of the equivalent
circuit that result from the fitting of the experimental data of the coated mild steel specimens with
coating C4; Table S15: Parameter values of the equivalent circuit that result from the fitting of the
experimental data of the coated mild steel specimens with coating C5; Table S16: Parameter values
of the equivalent circuit that result from the fitting of the experimental data of the coated mild steel
specimens with coating C6; Table S17: Parameter values of the equivalent circuit that result from
the fitting of the experimental data of the coated mild steel specimens with coating C7; Table S18:
Parameter values of the equivalent circuit that result from the fitting of the experimental data of the
coated mild steel specimens with coating C8.
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