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Abstract: Microbiologically induced corrosion (MIC) leads to the degradation/deterioration of
concrete pipes, due to the formation of gypsum. Magnesium hydroxide powders may protect the
concrete surface by maintaining alkaline pH values at the surface, or by neutralizing the biogenic
produced sulfuric acid. An accelerated sulfuric acid spraying test in a custom-made spraying chamber
used to examine the consumption of magnesium hydroxide coating, which was applied on poly
(methyl methacrylate) plates, instead of applying it on concrete substrates. In that way, only the
magnesium hydroxide coating can interact with the acid and can be examined separately. Surface
pH measurements and the mass changes were daily conducted, during the four-day accelerated
spraying test. The mineralogical phases of the surface were determined by using X-ray Diffraction
(XRD) measurements.

Keywords: concrete corrosion; corrosion control; magnesium hydroxide coating; sewerage pipe
systems; acid spraying test

1. Introduction

The degradation and collapse of sewage pipes system can lead to major infrastructure
problems in urban communities, by creating unhealthy conditions and costly replacement
expenses [1-3]. Different kinds of corrosion mechanisms (electrochemical corrosion, soil
corrosion, microbiologically induced corrosion, etc.) are the main reasons of these prob-
lems, so multiple studies are focusing on the mitigation and control of sewerage system
corrosion [2—4]. Microbiologically Induced Corrosion (MIC) or bio-corrosion concerns the
effect of the biologically produced sulfuric acid on the inner surface of concrete pipes,
as well as on the metallic surfaces, commonly used in sewer infrastructure [4].

The MIC initiates after a series of chemical and biochemical processes, taking place in
the sewer environment. Firstly, the sulfates transferred with the wastewater are converted
to hydrogen sulfide gas, which is subsequently emitted in the upper air phase (“crown”,
usually empty of transferred wastewater) of sewer pipes. The produced hydrogen sulfide
dissolves in the humidity on the concrete pipe walls and reduces the high alkaline surface
pH of them down to 9, favoring the development of Neutrophilic Sulfur Oxidizing Bacteria
(NSOB), which subsequently can produce the biogenic sulfuric acid. This results to further
surface pH lowering down to values close to 4 and then, the Acidophilic Sulfur Oxidizing
Bacteria (ASOB) colonize the surface. These bacteria produce additional biogenic sulfuric
acid, which in turn reacts with the (still) alkaline cement paste of concrete, forming gypsum
(CaSO4-2H,0). The consumption of cement paste of concrete and the formation of gypsum
lead to the erosion, degradation, and finally, destruction of concrete pipes [5-9].
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The applied corrosion mitigation strategies are mainly focusing on the addition of
chemicals or air/oxygen into the transferred wastewater, or the development of new
corrosion-resistant concrete materials and the use of protective coatings and linings, applied
onto pipe surfaces [2]. The application of coatings is considered as quite an economical way
for helping the concrete to preserve its structural properties and mainly, the mechanical
strength. In general, organic and inorganic coatings have been applied onto the concrete
surfaces as protection films, against different kinds of attack (e.g., chemical attack, biological
attack, corrosion, etc.) [10-12]. Alkaline magnesium hydroxide has been already examined
as an anticorrosive coating, due to its potential reaction (neutralization) with the produced
biogenic sulfuric acid; thus, blocking the reaction between the concrete surface and the
acid [1,13-15].

However, the relevant research is rather limited regarding the respective consumption
of these coatings and their properties, without the influence of concrete substrate, by using
inert poly (methyl methacrylate) substrates. This study focuses on the evaluation of con-
sumption of a magnesium hydroxide coating, as applied onto poly (methyl methacrylate)
plates, by using an accelerated sulfuric acid test, in order to simulate the bio-corrosion
conditions existing in a sewer concrete pipe. The main objective of this paper is to eliminate
the side effects of the concrete substrate and isolate/study the coating alone, in order to
examine its anti-corrosion properties (neutralization etc.). In particular, the surface pH
values, the mass change, and the changes of the mineralogical phases after a four-day
accelerated acid spraying test were examined. The presence of gypsum after the acid
spraying test was monitored to conclude whether the coating can also lead to its formation,
attempting to use/compare this information with the relevant experiments, when using
concrete substrates (where the formation of gypsum is observed).

2. Materials and Methods
2.1. Surface Coating

The adhesion ability of magnesium hydroxide coatings onto concrete (considering
the potential coating application) was found to be very small (almost zero). Therefore, the
addition of 0.4% wt. content of methyl-cellulose, as an adhesion promoter, was found to
offer sufficient adhesion ability to the magnesium hydroxide coatings [14] and the same
amount of cellulose was selected for this study. In order to prepare slurry with 57.5% wt.
content of solids, considering workability, deionized water was added and mixed with the
magnesium hydroxide powder. Also, a common dispersant polymer for mineral slurries
(Acumer 9300) was added at 0.6% wt. of solids content, to improve the workability and to
enhance the time-stability of slurries/dispersions. The coatings were applied onto poly
(methyl methacrylate) plates with dimensions of 50 x 50 x 5 mm.

According to the relevant literature and the preliminary testing, the thickness of
applied coatings was selected to be between 1.0-1.5 mm [12,14,16]. This thickness was
expressed, according to a specific amount of applied coating, i.e., 0.0018-0.0020 g/mm?.
The coatings were then dried for 3 days under normal laboratory conditions (i.e., 21 &2 °C
and relative humidity 60 = 10%) before testing.

2.2. Sulfuric Acid Spraying Test

The magnesium hydroxide coatings can offer protection to concrete surfaces against
corrosion by maintaining the surface pH to alkaline values (and block the development of
sulfur oxidizing bacteria), and/or by reacting with the biogenic-produced sulfuric acid,
leading to neutralization of it (in case the microorganisms may be developed on the concrete
surface).

In order to study the surface pH and the consumption of magnesium hydroxide
coatings in a relatively short time period, an accelerated sulfuric acid spraying test was
applied. The acid spraying test was performed in a custom-made spraying laboratory
chamber. The conditions in the chamber were also closer to simulate the usual sewer pipe
conditions, i.e., maintaining the temperature at 20 = 2 °C and 99% relative humidity.
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In order to study the coating without the side effects of concrete’s presence, such as
reaction of concrete surface with sulfuric acid, the poly (methyl methacrylate) plates were
used as proper substrates. These plates do not react during the experimental time with
the used sulfuric acid solution (due to low solution concentration); hence, the observed
changes, i.e., either mass changes, or mineralogical phase changes, are due solely to the
reaction between the coatings and the sulfuric acid. In this way, the coating can be studied
separately from the concrete surface.

A 0.2 M sulfuric acid solution was used in the acid spraying test, while the required
sulfuric acid amount to be sprayed was determined by the respective stoichiometry cal-
culations, according to [14]. The magnesium hydroxide and the calcium hydroxide, both
existing in the used raw material, can react with the sulfuric acid (1:1 reaction), resulting in
magnesium sulfate and calcium sulfate as products.

2.2.1. Surface pH Measurements

In order to evaluate the ability of magnesium hydroxide coatings to preserve the (de-
sired) alkaline surface pH values, regular surface pH measurements performed, by using a
flat surface pH electrode (Extech PH100: Waterproof ExStik pH meter, Extech Instruments).
The surfaces to be measured were wetted with 1 mL of deionized water prior to the mea-
surement. The starting pH values of coated specimens were recorded before the initiation
of sulfuric spraying applications.

2.2.2. Mass Measurements

The consumption of coating can be examined by mass measurements of coated
specimens during the acid spraying process. An electronic balance Kern PCB 4000-2
(4.000 £ 0.001 g) was used for the daily mass recordings throughout the experiments. Firstly,
the initial weight of all uncoated poly (methyl methacrylate) specimens was recorded,
as well as their weight after the application of the coating, in order to calculate the mass
of dry coatings. Then, the final mass of each specimen was recorded after the spraying
process, to calculate the coating consumption.

2.2.3. XRD Analysis

The mineralogical phases of coating were determined in order to evaluate the respec-
tive changes in the mineral structure. Moreover, the origin of gypsum, in experiments using
concrete substrates [14,15,17], should be properly defined, i.e., whether it is the product
of the reaction between the concrete surface and the sulfuric acid, or the product of the
reaction between the calcium hydroxide (of the coating) and sulfuric acid.

After the ending of acid spraying tests, the specimens were dried at 40 °C for 24 h and
then, the remaining amount of coating was scratched from the top of specimens, ground,
and measured. The structural phases (mineralogical composition) of the obtained samples
were analyzed by XRD measurements, using a PW 1840 Phillips diffractometer with CuKa
radiation, step size of 0.02°, and step time of 0.4 s, operating at 30 kV and 10 mA. The
obtained diffractograms were quantified by following the Rietveld methodology, using the
FullProf Suite Software.

3. Results
3.1. Characteristics of Magnesium Hydroxide Powder

The Particle Size Distribution (PSD) and the Specific Surface Area (SSA) of the raw
material are presented in Table 1.

The composition of magnesium hydroxide powder is presented in Table 2. The total
mass loss at 1000 °C (Loss on Ignition, LOI) corresponds to all water and CO; content of
the respective powder.
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Table 1. The Specific Surface Area (SSA) and the Particle Size Distribution (PSD) of used magnesium
hydroxide powder (MHP).

PSD
Material SSA (m?/g)
dsp (um) dgo (nm)
MHP 7.0 3.8 13.1
Table 2. Composition of used magnesium hydroxide powder (%).
Material MgO SIOZ CaO F9203 A1203 503 LOI
MHP 62.81 4.25 2.46 0.25 0.10 0.02 30.11

3.2. Accelerated Acid Spraying Test

All specimens were sprayed daily with 25% of the respective reaction’s stoichiometry,
using a sulfuric acid solution (0.2 M) for four days. Each day, four specimens were
removed from the spraying process and were examined, regarding pH surface values,
mass changes, and determination of the main crystalline phases (by XRD). The applied
coating was expected to be fully consumed at the fourth day, according to the stoichiometry
calculations. However, a quantity of coating continues to remain on the specimen/plate
surface, even after four days of acid spraying. A possible explanation is that the sprayed
sulfuric acid, corresponding to the total amount of coating, could reach (and react) only with
the (gradually) exposed coating surface, instead of the whole quantity /mass of coating.

3.2.1. Surface pH Results

Figure 1 presents the results of daily recordings of surface pH values of the coating.
The results are given as the mean values of four specimens in each case, along with the
respective standard deviation. Day zero, indicated in the Figure, corresponds to the initial
surface pH values of the specimens.

11 -

10 A

0 1 2 3 4
Days

Figure 1. Surface pH values of the coating applied on poly (methyl methacrylate) specimens during
the acid spraying test application. The data points and the error bars denote the mean and the
standard deviation, respectively [18].

The starting surface pH of coating was around 10, but it was slightly decreased after
the initiation of the acid spraying process (days 1, 2, 3, 4). However, these values were still
located in the alkaline region of pH scale. The surface pH values ranged between 8 and 10
throughout the acid spraying test. According to these results, the coating seems to present
high capacity in maintaining sufficiently alkaline pH values.
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3.2.2. Mass Change Results

The mass of the coated specimens was also recorded, in order to examine the con-
sumption of coating during the acid spraying test. The consumption of the coating, without
the side effects of concrete substrate (not existing in this case), gives specific information,
regarding the performance of the coating for the intended application on the inner surface
of concrete pipes. This information can be further used to evaluate the duration for the
total consumption of coating and therefore, the time period that the coating can effectively
protect the concrete.

Table 3 presents the daily mass change of the coating during the acid spraying test.
It can be concluded that the mass change was lineal and presented an almost 25% decrease
compared with the initial coating mass. It is obvious from these results that only an amount
of the coating was consumed after four days of acid spraying. The total sprayed sulfuric
acid corresponded (according to the neutralization chemical equation) to the total mass
of the coating, in terms of an ideal reaction between the two substances, i.e., magnesium
hydroxide and sulfuric acid. However, in this experimental process the magnesium hy-
droxide was in the form of a coating; hence, blocking the reaction of its total mass, because
the sulfuric acid can only affect (neutralize) the surface of coating. This fact, in combination
with the surface pH results, indicates that the coatings can last longer than the expected
and calculated duration time (i.e., showing excess of coating).

Table 3. Mass changes (%) of examined coatings, during the acid spraying test application.

Day 1 Day 2 Day 3 Day 4
Mass change (%) -3.9 —6.6 —15.7 —24.6

3.2.3. XRD Analysis

An overlay of the XRD diffractograms, regarding the examined coatings, during the
acid spraying process, is presented in Figure 2. In particular, the diffractograms represent
the respective samples from day one until day four (after the end of the procedure) of
sulfuric acid spraying (0.2 M).

The main peaks of brucite (Mg(OH),), dolomite (CaMg(COs3),), and lizardite (Mgs(Si»Os)
(OH)y) are indicated in Figure 2. It is obvious from the comparison of the diffractograms
that the same mineralogical phases continue to exist after four days of sulfuric acid spray-
ing. It is interesting to note that neither gypsum nor magnesium sulfate is present in
the crystalline phases of the coating. However, the formed magnesium sulfate is rather
water-soluble and thus, it can be easily rinsed and removed; therefore, it cannot always
be traced on the samples after the acid attack. The absence of gypsum indicates that any
potential formation of gypsum, when concrete substrates are studied, is due to the reaction
between concrete and sulfuric acid.

The respective XRD diffractograms were further quantified by using the Rietveld
methodology and are presented in Figure 3. The results show that the mineral composition
of the coating was stable during the four days of acid spraying. Thus, there is not observed
any product formation or transformations regarding the coating’s crystalline phases. The
formed magnesium sulfate may be rinsed, due to the applied several spraying applications,
because of the relatively small concentration of used sulfuric acid (0.2 M). However, it is
a fact that the coating reacts with the sulfuric acid and is therefore consumed (as noticed
by the mass change). The excess of brucite indicates that the coating could keep offering
protection to the coated substrate.
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Figure 2. XRD overlay diffractograms of the coating samples during the acid spraying test application; L: Lizardite,

B: Brucite, D: Dolomite.
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Figure 3. The quantitative results of XRD analysis, regarding the presence of crystalline phases in the
coating samples during the acid spraying test application.

4. Conclusions

The results of this research showed that the mass of the magnesium hydroxide coating
was decreased with time, due to the reaction with sulfuric acid and reached almost —25% of
the initial coating mass. Additionally, it was demonstrated that the surface pH of coatings
was preserved (i.e., remain in the alkaline region) and therefore, can block the development
of undesired microorganisms. The study of crystalline phases indicated that no other
products (such as gypsum) were formed, and the mineral composition of the coating was
the same after the four days of the accelerated acid spraying test.

To sum up, during the aforementioned experiments, there was no gypsum formation
observed, and when coatings are applied onto concrete substrates, its formation is due to
the reaction of concrete surface with the sulfuric acid.

Author Contributions: Conceptualization, E.A. and A.Z.; Methodology, D.M. and E.-C.T.; Validation,
D.M. and E.-C.T; Investigation, D.M. and E.-C.T.; Resources, E.A. and A.Z.; Data curation, D.M. and
E.-C.T.; Writing—original draft preparation, D.M. and E.-C.T.; Writing—review and editing, E.A. and



Mater. Proc. 2021, 5, 4 70f7

A.Z.; Supervision, E.A. and A.Z.; Project administration, E.A. and A.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This research has been co-financed by the European Union and Greek national funds
through the Operational Program Competitiveness, Entrepreneurship and Innovation, under the call
RESEARCH-CREATE-INNOVATE (project code: TIEDK-02355).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: This research has been co-financed by the European Union and Greek national
funds through the Operational Program Competitiveness, Entrepreneurship and Innovation, under
the call RESEARCH-CREATE-INNOVATE (project code: TIEDK-02355).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Sydney, R; Esfandi, E.; Surapaneni, S. Control Concrete Sewer Corrosion via the Crown Spray Process. Water Environ. Res. 1996,
68, 338-347. [CrossRef]

2. Wang, T.; Wu, K,; Kan, L.; Wu, M. Current understanding on microbiologically induced corrosion of concrete in sewer structures:
A review of the evaluation methods and mitigation measures. Constr. Build. Mater. 2020, 247, 118539. [CrossRef]

3.  Talaiekhozani, A.; Bagheri, M.; Goli, A.; Reza, M.; Khoozani, T. An overview of principles of odor production, emission, and
control methods in wastewater collection and treatment systems. J. Environ. Manag. 2016, 170, 186-206. [CrossRef] [PubMed]

4. ASCE (American Society of Civil Engineers), WPCF (Water Pollution Control Federation). Gravity Sanitary Sewer Design and
Construction; American Society of Civil Engineers: Reston, VA, USA, 2007. [CrossRef]

5. Hvitved-Jacobsen, T.; Vollertsen, J.; Nielsen, A.H. Sewer Processes: Microbial and Chemical Process Engineering of Sewer Networks;
CRC Press: Boca Raton, FL,, USA, 2013.

6.  Wells, T.; Melchers, R.E. Findings of a 4 year study of concrete sewer pipe corrosion. In Annual Conference of the Australasian
Corrosion Association; Australasian Corrosion Association: Preston, Victoria, Australia, 2014.

7. Islander, R.L.; Devinny, J.S.; Mansfeld, E.; Postyn, A.; Shih, H. Microbial Ecology of Crown Corrosion in Sewers. J. Environ. Eng.
1991, 117, 751-770. [CrossRef]

8. Mori, T,; Nonaka, T.; Tazaki, K.; Koga, M.; Hikosaka, Y.; Noda, S. Interactions of nutrients, moisture and pH on microbial corrosion
of concrete sewer pipes. Water Res. 1992, 26, 29-37. [CrossRef]

9.  Wu,M.,; Wang, T.; Wu, K,; Kan, L. Microbiologically induced corrosion of concrete in sewer structures: A review of the mechanisms
and phenomena. Constr. Build. Mater. 2020, 239, 117813. [CrossRef]

10. Roghanian, N.; Banthia, N. Development of a sustainable coating and repair material to prevent bio-corrosion in concrete sewer
and waste-water pipes. Cem. Concr. Compos. 2019, 100, 99-107. [CrossRef]

11.  Aguiar, J.B.; Camoes, A.; Moreira, PM. Coatings for Concrete Protection against Aggressive Environments. J. Adv. Concr. Technol.
2008, 6, 243-250. [CrossRef]

12.  Berndt, M.L. Evaluation of coatings, mortars and mix design for protection of concrete against sulphur oxidising bacteria. Constr.
Build. Mater. 2011, 25, 3893-3902. [CrossRef]

13. James, J. Controlling sewer crown corrosion using the crown spray process with magnesium hydroxide. Proc. Water Environ. Fed.
2003, 2003, 259-268. [CrossRef]

14. Merachtsaki, D.; Fytianos, G.; Papastergiadis, E.; Samaras, P.; Yiannoulakis, H.; Zouboulis, A. Properties and Performance of
Novel Mg(OH)2-Based Coatings for Corrosion Mitigation in Concrete Sewer Pipes. Materials 2020, 13, 5291. [CrossRef] [PubMed]

15. Merachtsaki, D.; Tsardaka, E.-C.; Anastasiou, E.K.; Yiannoulakis, H.; Zouboulis, A. Comparison of Different Magnesium
Hydroxide Coatings Applied on Concrete Substrates (Sewer Pipes) for Protection against Bio-Corrosion. Water 2021, 13, 1227.
[CrossRef]

16. Diamanti, M.V,; Brenna, A.; Bolzoni, F; Berra, M.; Pastore, T.; Ormellese, M. Effect of polymer modified cementitious coatings on
water and chloride permeability in concrete. Constr. Build. Mater. 2013, 49, 720-728. [CrossRef]

17.  Merachtsaki, D.; Tsardaka, E.-C.; Tsampali, E.; Simeonidis, K.; Anastasiou, E.; Yiannoulakis, H.; Zouboulis, A. Study of Corrosion
Protection of Concrete in Sewage Systems with Magnesium Hydroxide Coatings. Environ. Sci. Proc. 2020, 2, 27. [CrossRef]

18. Merachtsaki, D.; Tsardaka, E.-C.; Anastasiou, E.; Zouboulis, A. Evaluation of the Protection Ability of a Magnesium Hydroxide

Coating against the Bio-Corrosion of Concrete Sewer Pipes, by Using Short and Long Duration Accelerated Acid Spraying Tests.
Materials 2021, 14, 4897. [CrossRef] [PubMed]


http://doi.org/10.2175/106143096X127785
http://doi.org/10.1016/j.conbuildmat.2020.118539
http://doi.org/10.1016/j.jenvman.2016.01.021
http://www.ncbi.nlm.nih.gov/pubmed/26829452
http://doi.org/10.1061/9780784409008
http://doi.org/10.1061/(ASCE)0733-9372(1991)117:6(751)
http://doi.org/10.1016/0043-1354(92)90107-F
http://doi.org/10.1016/j.conbuildmat.2019.117813
http://doi.org/10.1016/j.cemconcomp.2019.03.026
http://doi.org/10.3151/jact.6.243
http://doi.org/10.1016/j.conbuildmat.2011.04.014
http://doi.org/10.2175/193864703784829777
http://doi.org/10.3390/ma13225291
http://www.ncbi.nlm.nih.gov/pubmed/33238399
http://doi.org/10.3390/w13091227
http://doi.org/10.1016/j.conbuildmat.2013.08.050
http://doi.org/10.3390/environsciproc2020002027
http://doi.org/10.3390/ma14174897
http://www.ncbi.nlm.nih.gov/pubmed/34500987

	Introduction 
	Materials and Methods 
	Surface Coating 
	Sulfuric Acid Spraying Test 
	Surface pH Measurements 
	Mass Measurements 
	XRD Analysis 


	Results 
	Characteristics of Magnesium Hydroxide Powder 
	Accelerated Acid Spraying Test 
	Surface pH Results 
	Mass Change Results 
	XRD Analysis 


	Conclusions 
	References

